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Abstract
Abstract
Lactones and esters are important flavour and aroma constituents in many natiual 
products; they are pei-vasive molecules in natine. The lactones are relatively weak flavor 
chemicals that occur in products such as butter, coconut, raspbeny, strawbeny, tea, 
apricot, beer, cheddar cheese, peach, pineapple and Rum.
This thesis demonstrates the scope and limitation of the lanthanum 
bis(ti-imethyisilyl)amide [La{N(SiMe3)2 }3] as a homogenous Tishchenko catalyst. The 
study provides a series of examples of the success of the catalyst in various Tishchenko 
estérification reactions.
A series of substituted aromatic aldehydes were used successfully in the homogenous 
Tishchenko reaction. These aldehydes included in particular a series of oxygen protected 
compounds illustrating the compatibility of the catalyst with a variety of oxygen 
containing functional gioups. The homo-esterification and cross-esterification studies 
carried out, showed fiuthermore that the estérification of p<3ra-substituted benzaldehydes 
depended dr amatically on the electronic properties of the substituents. Cross- 
esterification studies using two different benzaldehydes with different electronic 
properties has shown that mixed esters can be obtained with some selectivity. The 
aldehydes with electron withdrawing substituents act preferentially as a hydride source. 
Conclusions regarding the mechanism of the Tishchenko reaction were dr awn 
Apart from the electronic effect, the steric hindrance was found to play a role in the 
estérification process.
A series of intramolecular Tishchenko reactions were investigated. In particular eight 
membered lactones were obtained in good yields. The final part of the study involved the 
attempted natural product synthesis of the Sermosides. In this part of the work a 
successful synthesis of the senrroside C aglycon in a few synthetic steps was achieved. 
Clrrysophanol was also synthesised from aloin A in tlrree synthetic steps.
All compoimds synthesised are valuable intermediates in organic synthesis or for the fine 
chemicals industry.
Hoshiar Molod September 2004 I
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Introduction
1.0 Introduction:
Lanthanides are elements with atomic numbers 57-71. The lanthanide series is the group of 
elements in which the 4 / sublevel is being filled with electrons. As the atomic number 
increases in this series, electrons enter the 4 /electron orbital. Chemically, they as pure 
elements are about as reactive as calcium. They all form trivalent compounds; some also 
form divalent or tetravalent compounds.
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Figure 1: The Periodic Table.
The lanthanide series consists of lanthanum (La), cerium (Ce), praseodymium (Pr), 
neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), 
terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb) 
and lutetium (Lu). Lanthanides have different coordination numbers and they vary in their 
chemical and physical properties, therefore some of the chemical and physical properties of 
the lanthanides are listed in tables 1, 2 & 3.
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Table 1: Chemical and physical properties of the Lanthanides.
Introduction
Elements Covalent Radius Charge Coordination number Crystal Radius^ Ionic Radius‘s
VI 1,172 1.032
VII 1.24 1.1
VIII 1.3 1.16
IX 1.356 1.216
X 1.41 1.27
La 1.87 3 XII 1.5 1.36
VI 1.15 1.01
VII 1.21 1.07
VIII 1.283 1.143
IX 1.336 1.196
X 1.39 1.253 XII 1.48 1.34
VI 1.01 0.87
VIII 1.11 0.97
X 1.21 1.07Ce 1.83 4 XII 1.28 1.14
VI 1.13 0.99
VIII 1.266 1.1263 IX 1.319 1.179
VI 0.99 0 .85Pr 1 .82 4 VIII 1.1 0.96
VIII 1.43 1.292 IX 1.49 1.35
VI 1.123 0 .983
VIII 1.249 1.109
IX 1.303 1.163Nd 1.81 3 XII 1.41 1.27
VI 1.11 0.97
VIII 1.233 1.093Pm 1.8 3 IX 1.284 1.144
VII 1.36 1.22
VIII 1.41 1.272 IX 1.46 1.32
VI 1.098 0.958
VII ' 1.16 1.02
VIII 1.219 1.079
IX 1.272 1.132Sm 1.8 3 XII 1.38 1.24
VI 1.31 1.17
VII 1.34 1.2
VIII 1.39 1.25
IX 1.44 1.32 X 1.49 1.35
VI 1.087 0 .947
VII 1.15 1.01
VIII 1.206 1.066Eu 1.99 3 IX 1.26 1.12
VI 1.078 0 .938
VII 1.14 1
VIII 1.193 1.053Gd 1.79 3 IX 1.247 1.107
Table 2: The Ionie Radii of the lanthanides (a. The Nature 
1961 by Ithaca: Cornell University Press, b. L. 
Cosmocliim. Acta, 2, Pages 155-169).
of the Chemical Bond" L. Pauling. Published in 
H. Alirens. Published in 1952 Geochim.
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Elements Covalent Radius Charge Coordination number Crystal Radius^ Ionic Radius'^
VI 1.063 0.923
VII 1.12 0.98
VIII 1.18 1.04
3 IX 1.235 1.095
VI 0.9 0.76
Tb 1.76 4 VIII 1.02 0.88
VI 1.21 1.07
VII 1.27 1.13
2 VIII 1.33 1.19
VI 1.052 0.912
VII 1.11 0.97
VIII 1.167 1.027
Dy 1.75 3 IX 1.223 1.083
VI 1.041 0.901
VIII 1.155 1.015
IX 1.212 1.072
Ho 1.74 3 X 1.26 1.12
VI 1.03 0.89
VII 1.085 0.945
VIII 1.144 1.004
Er 1.73 3 IX 1.202 1.062
VI 1.17 1.03
2 VII 1.23 1.09
VI 1.02 0.88
VIII 1.134 0.994
Tm 1.72 3 IX 1.192 1.052
VI 1.16 1.02
VII 1.22 1.08
2 VIII 1.28 1.14
VI 1.008 0.868
VII 1.065 0.925
VIII 1.125 0.985
Yb 1.94 3 IX 1.182 1.042
VI 1.001 0.861
VIII 1.117 0.977
Lu 1.72 3 IX 1.172 1.032
Table 3; The Ionic Radii o f the lanthanides (a. Tlie Nature of the Chemical Bond" L. Pauling. Published in 
1961 by Ithaca: Cornell University Press, b. L. H. Alnens. Published in 1952 Geochim. 
Cosmochim. Acta, 2, Pages 155-169).
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1.1 The Lanthanides in General:
There is a growing research interest to establish the use of lanthanide"^ complexes in various 
applications in organic synthesis and biological chemistry. For example Gd'" chelates have 
recently been reported' as contrast agents in magnetic resonance imaging (MRI). MRI is 
used in clinical fields as a diagnostic teclniique that allows one to obtain images of tissues 
and organs that are topological representation of NMR parameters.
Other lanthanide complexes have been reported as shift reagents for NMR spectroscopy^ 
and as Lewis acids in aqueous media.^ The fluorescence properties o f the lanthanides make 
them very useful replacements of the radioactive probes/ which have more disadvantages 
compared to their advantages as shown in table 4.
Advantages Disadvantages
1. Very high sensitivity.
2. Freedom from environment interefernce.
3. Precise measurement o f radioactivity.
4. No background signal from samples or 
reagents.
1. Potential health hazard.
2. Required licencing.
3. Special Disposal.
4. Limited shelf life.
5. Expensive y-counters.
6. Automation difficult.
Table 4: Advantages and disadvantages of radioactive labels.
The special form of lanthanide ion fluorescence is often referred to as luminescence. Apart 
Rom lanthanum, all lanthanides are known to luminesce especially in the solid state under 
anliydrous conditions.'' This property is due to the fact that the excited states involve 
promotion of one of the 4 / electrons'' into a long lived excited state, but the lanthanimi 
contains no electron in the 4f shell as shown in table 5, therefore lanthanum is regarded as 
non-luminescent.
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Elements Symbol Ln"
lanthanum La 5d*6s^ 4 f0
cerium Ce 4f'5d‘6s^ 4 f‘
praseodymium Pr 4f6s^ 4 f
neodymium Nd 4f6s^ 4 f
promethium** Pm 4f^6s^ A t
samarium Sm 4f^6s^ A t
europium Eu 4f6s^ A t
gadolinium Gd 4f5d'6s^ A t
terbium Tb 4f"6s^ A t
dysprosium Dy 4f‘"6s^ A t
holmium Ho 4f‘‘6s^ 4 f io
erbium Er 4f'^6s^ 4 fH
thulium Tm 4f'^6s^ 4 f l2
ytterbium Yb 4f“*6s^ 4 f l3
lutetium Lu 4f‘‘*5d’6s^ 4fW
Table 5: Ground state electronic configuration of the lantlianides.
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1.2 Application of the Lanthanide Complexes:
The chemistiy of the lanthanides has attracted interest over the last few years. Many 
synthetic efforts have been undertaken to obtain lanthanide complexes with tuned properties 
and employed these complexes in different fields depending on their intended field of 
application. The lanthanum amide catalyst 1 [La{N(SiMe3)2}3] has worked as a Lewis acid 
catalyst in the hydroamination/ cylisation of alkenes and alkynes, hyroboration, 
hydi'ophosphination, hydrosilylation, epoxidation and Tishchenko reaction (Tishchenko 
reaction is the process in which the aldehydes are dimerised and converted to their 
corresponding ester following an oxidation/ reduction sequence).
Lanthanides have been used in different applications; for example gadolinium complexes 
Gd(DTPA)^' 2 and Gd(DOTA)^' 3 complexes/ Emopium complexes [Eu(L^)(N0 3 )2] 4 and 
[Eu(L^)2] 5 were used as contrast ageiits* ’^^  in magnetic resonance imaging (MRI) and as 
NMR probes.
-ooc
-ooc'
r
■ N.
COO-
^  N COO- 
Gd^ '^  ^COO-
DTPA
-OOC-
-OOC-
N N 
N N
v__/
DOTA
3
-COO’
-coo-
Hjr
4
N
Figure 2: Chemical stiucture of complexes 2-5.
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Lanthanide triflates (trifluorometliaiiesulplionates) has been used as water-tolerant Lewis 
acids and shown to be an interesting research idea in avoiding the use of hannful organic 
solvents in chemical reactions.^’  ^The lanthanide triflates were used as Lewis acids in 
aqueous media and were able to activate the formaldehyde towards an aldol type reaction 
with the silyl enol etlier 6  (Figure 3).
OSiMs3
Y b(0Tf)3
HCHO
Figure 3: Reaction of silyl enol ether 6 using Yb(0Tf)3 with formaldehyde.
Lanthanide complexes are widely used in organic reactions for example organo-lanthanide 
complexes (Figure 4) such as [(C5Me5)2LnR] (where R= CH(SiMe3)2, N(SiMe3)2 or H) were 
used as catalysts in the transformation of olefins, diene and alkynes.
LnR
Figure 4; structme of organo-lanthanide complex.
Other lanthanide complexes have been used as fluorescence labels; for example a lanthanide 
complex of TMT 8  (Figure 5) has been used as a fluorescent label being a good replacement
Introduction
for radioactive materials with comparable detection l i m i t s T o  expand on the lanthanide’s 
luminescence property, the following section has discussed the scope and limitation of 
lanthanide luminescence.
ooc COO'
ooc COO'
Figure 5: Gadolinium complex of TMT 8.
1.2.1 Luminescence of the Lanthanides:
Several trivalent lanthanides show luminescence spectra in the visible and near-IR region. 
They are able to exhibit long-lived luminescence following excitation into higher electronic 
states. Some lanthanide luminescence is usually observed only in the solid state, because 
there are no large energy gaps between their excited states and acceptor levels."  ^In the case 
of Eu(III) and Tb(III) there are large energy gaps that allow em issio n .F o r example, the 
emission band for Eu(III) occurs from electronic transfer horn the lowest excited sate (^Dq), 
to the ground state (^Fj), and the emission band for Tb(III) occurs from the lowest excited 
state (^D4) to the ground state (^Fj) where /  = 6  - 0 (Figure 6 ).
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Figure 6: Electronic energy levels for Eu(III) and Tb(III).‘
The upwai'd aiTows in fïgme 6  show the transitions that occm- when the metal ion is excited 
at the wavelengths indicated, and the downward arrows indicates the most intense emission 
resulting from relaxation of the metal ions/^ The basis of limiinescence properties for the 
other lantlianides can also be explained tluough their energy level diagram (Figure 7).
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Figure 7: Principal émission lines of some of the lanthanides/
The de-excitation of the lanthanides fi'om the higher electronic level produces the long 
limiinescence lifetime, which made the lanthanide a good replacement for fluorescent labels 
such as fluorescein^’'^ ’^  ^ (Figure 8 ). In any application intended for use in biological media, 
the fluorescent label faces the problem of high background fluorescence, which leads to 
reducing the sensitivity of the fluorescent. For example fluorescein 9, wliich has a quantum
11
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yield reported to approach luiity, should be very sensitive but, in practice, its use is limited 
to a concentration range of > 1 0 " ^ and this is due to many biological media giving high 
background fluorescence.'^
HO.
COO'
N
Figure 8: Stiucture of Fluorescein 9.
The backgroimd fluorescence of biological materials is short-lived compare to the long 
luminescence lifetimes for the lanthanides, so the use of luminescent lanthanide complexes 
as lanthanide probes has provided a good solution to the problem. The advantage of the long 
lived emission lanthanides is the ability to use time resolved teclmiques, in which the 
measurement starts after a delay time that allows the background fluorescence to disappear'^ 
(Figure 9).
ixcitation X = 340iiin
Short-lived
fluorescence
Long-lived
F
L
U
0R
E
S
C
E
N
C
E
Coimting X = 613nm
X -5000 Tim e delay 800 1000 New Cycle
Counting
Time
TIME g 8
Figure 9: Explanation of time resolved fluorescence spectroscopy.
12
Introduction
111 figure 9, the short-lived fluorescence backgi'ound can be obsei*ved to disappear on the 
scale giving enough time for the long-lived limiinescence of lanthanide to be counted and 
recorded before the next cycle starts. But despite all the advantages that lanthanide probes 
can offer, it is not easy to populate their excited state. In order to populate the excited state 
of a lanthanide a sensitizer is required to transfer the energy via a ligand field to the 
lanthanide io n , this process is referred to as an anteima effect.^'*From the diagiam below 
(Figiue 10) the antemia effect can be explained.
First Singlet 
exciting state
absorption
So 
—►
excitation
Triolet donor
Intersystem
..(Crossing
T,
fluoresence
Accentor
Intramolecular 
" ..qnergy transfer
Tliernfal decay 
(I-I2O)
phosphorescence
LIGAND Eld
Figure 10: The diagram shows the photochemical events leading to luminescence from the excited Eu^ * ion.
From the diagiam in figure 10, a few points are considered'^ to give further explanation of 
the photochemical process:
1. Excitation of the So gi'ound state of the sensitizer to the excited Si manifold.
2. Intersystem crossing (ISC) within the excited ligand (energy is transferred to the 
triplet excited state Ti of the ligand).
13
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3. Intramolecular energy transfer; energy is transferred from the triplet state of the 
ligand to the excited resonance levels of the lanthanide ion.
4. Radiative transition resulting in light emission (luminescence) from the metal ion.
This process is called the antenna effect, and is further simplified in the diagram in figure 11 
on how the energy is absorbed by the antenna and transferred to the ligand and from the 
ligand transferred to the excited levels of the lanthanide ion before being emitted.^
absorption   Ligand
> \
Ln
\ /
antenna
Metal emission
Figure 11 : The effect of antenna in enhancing the luminescent of the metal ion.
Figure 12 shows an example of how the benzophenone (BP) worked as an antenna in 
absorbing the energy from a source and transferring the energy to the metal ion.'^
| b p | hv *[b p | ISC 3[b p |
Eu3+ -hv Eu3+ ET' [ l ]
Figure 12: The schem e shows (a) excitation; (b) intersystem crossing; (c) collisional energy transfer to the 
ligand; (d) energy transfer to the lanthanide; (e) em ission from the excited state metal ion.'*
14
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1.2.2 Problems of the Lanthanide Luminescence:
The luminescence properties of the lanthanides make them quite versatile in their 
applications to biomolecular structure e x a m i n a t i o n / T h e  attraction of the lanthanides lies 
in the fact that long-lived luminescence may be obseiwed under ambient conditions. Even 
with all these attractions, there are problems that are been reported and obseiwed concerning 
the luminescence o f the lanthanides. Lanthanides as luminescent metals have tlnee major 
problems, which need to be dealt with.
The first problem is the detection limit, which is not satisfactory,^ and that is because the 
excited state of the lanthanide is not populated directly by conventional light source. For 
solving this problem, sensitised emissions have been studied and explained in the previous 
section.
The second problem is luminescence quenching. In aqueous solutions the presence of 
water molecules close to the lanthanide metal helps in reducing the lifetime and intensity of 
the emission. It has been reported that this problem arises fr om an energy transfer process 
from the metal’s excited state to the closely diffused water molecules. The quenching 
process becomes less effective with increasing energy gap between the emissive state and 
the highest sublevel of the gi'ound state of the lanthanide. In general the Eu(III) and Tb(III) 
have energy gaps (AE) between the emissive state and the ground state of approximately 
12000 and 15000cm'^ respectively,^^ both the luminescence lifetimes and intensities were 
reported to increase with decreasing water molecules. Another way of solving this problem 
in the Eu coordination sphere is the development of a ligand, which shields the metal as 
efficiently as possible from solvent water molecules. For this reason the TMT-Eu^’*' complex 
(Figure 5, section 1.2) has been developed to overcome such a problem.
The last problem that concerns these metal ions is the stability of the complex with respect 
to the metal ion dissociation. In other words the right complex should show very high 
association constant in water over an appropriate pH range.^ A new macrocyclic octadentate 
(Figure 13) has been reported recently, which shows very bright luminescence in aqueous 
solution when excited with UV radiation.
15
Introduction
HO OH
OH
10
Figure 13; The structure of triacid-bipyridine Macrocycle 10.
The macrocycle 10 has been shown to be very efficient because of the presence of eight 
donor atoms for complexation, which shields the lanthanide ion*  ^and the presence of the 
negatively charged oxygen donors increased the solubility of the complex in an aqueous 
media.
16
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1.3 Overview of the Lanthanide Complexes:
Over the past years there has been an increasing significance in the co-ordination chemistry 
of the lanthanides due to the wide variety of potential applications of their complexes. The 
coordination chemistry, which is also known as complexation chemistry concerns the metal 
ions and the ligand. The word ligand originated from the Latin verb ligare that means to 
bind, (ligands are usually negatively charged). The combined metal/ ligand species is called 
complex. The difference between ion pairs and coordination complexes are listed as follow:
Ion Pairs Coordination complexes
• Formed completely by electrostatic 
attraction.
• Ions ofterr separated by coordinated 
water.
• Short-lived association.
• No definite geometry.
• Large covalent component to binding.
• Ligand and metal are joined directly.
• Longer lived species.
• Definite geometry.
Table 6; Differences between ion pair properties and coordination complex properties.
One of the most important applications is the use of the lanthanide complexes in biomedical 
applications.^ They have also been studied as Lewis acids for the activation of formaldehyde 
solution in the aldol condensation of silyl enol ether^ and hydromaination of alkynes.’  ^ It has 
been reported that yttrium aminotroponiminate amide complexes are active catalysts in the 
hydi'Oamination/ cyclisation reaction.
Depending upon the relative size, of the ionic diameter of the lanthanide ion and the cavity 
diameter of the ligand, the Lif"  ^may either be located inside the cavity, i.e. encapsulated, 
for example the lanthanide coordination to the lower rim of calix[4]arene 11 (Figure 14).
The structure exhibit similar features with the lanthanide cation being fully encapsulated in 
an eight-coordinated polar environment that consists of six oxygen donor atom from the
17
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lower rim /^ or it may lie outside the cavity/ i.e. coronads or coordinated by a more or less 
folded ligand i.e. cryptaiids.
OH OH
NEt;
11
Figure 14: Tlie structure of a substituted Calix[4]arene 11.
1.3.1 Crown Ether Complexes:
The first crystalline complexes between lanthanide ions and crown ethers were isolated 
simultaneously in Italy and in the USA.^ The Italian group reported 1:1 complexes, 
Lii(NCS)3 .L and Ln(N0 3 )3.L (Ln=La-Lu; L = Ligand), with benzo-15-crown-5 12, and 
dibenzo-18-crown-6 13.
12 13
Figure 15: Two Types of Crown Ethers Benzo-15-Crown-5 12 and Dibenzo-18-Crown-6 13.
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A typical example of the lanthanide encapsulated complex is the lanthanide complexes of 
the crown ethers, which are based on using two building blocks for the metal ion 
coordination. The first building block was based on a non-absorbing ligand (NAL), and the 
other building block was based on a light-harvesting centre^ (LHC).
+
NALNAL
LHC+ LHC^
Figure 16: Mechanism of the formation of the lanthanide crown ether complexes.
Adding the light-harvesting ligand to the lanthanide helped to enhance the luminescence of 
the lanthanide by filling the coordination sphere of the lanthanide centre and sensitising the 
lanthanide emission.^® The NAL that were used were the crown ethers 14 & 15 and the 
LHC used in the study were picolinate 16, phthalate 17, and benzoate 18 (Figure 17).
coo
'N
"OOC
o o
14
COO 
-N
O
0
15
Figure 17: Hie structure of non-absorbing ligands 14 & 15 and light harvesting centers 16,17 & 18. 20
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1.3.2 Coronates:
Complexes of monocyclic ligands are called coronates, a few 1:1 complexes have been 
reported (Figure 18) with 14 and 15 membered ring nitrogen-containing ligands and with 18 
membered ring nitrogen or sulphur containing macrocycles. ^  A lanthanide ion binds quite 
strongly to nitrogen donors resulting in the facile formation of complexes for the lanthanide 
series.
N
N N
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Figure 18; structiues of some coronates.*
1.3.3 Cryptâtes:
Complexes with macrobicyclic ligands are more stable than coronates and they are called 
cryptâtes. Lanthanide cryptâtes are highly kinetically inert towards dissociation in aqueous 
solutions and can therefore be studied in water. The preparation of 1:1 cryptâtes is usually 
easier when a good coordination coimter anion is provided. For example the cryptate 27 was 
formed from a simple aldehyde condensation to form the imine macrocycle 27.^^
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OMe
OMe
NHg
+
e OHC CHOOH
Lanthanides. MethanoL 
Reflux 3h
OH
OMe
OH
OH
OMe25 26 27
Figure 19: Synthesis of Macrocyclic cryptand.^
The cryptâtes have been studied over the years and their lanthanide complexes reported to 
display long life luminescence in aqueous so lu tio n .T h e  long life luminescence of these 
complexes is because of the ability of these complexes to exclude water fi'om the first 
coordination sphere.^^
28
W L ,\ MB/ Bn
Bn
29
Figure 20: Macrocyclic cryptands.22
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1.3.4 Podates:
Complexes of open chain ligands are called podates. Podates are usually less stable and also 
more labile, than the conesponding coronates; for instance has been reported that a 
potassium complexe with pentaglyme (the open chain analogue of 18-crown-6 ether) is 10"^  
times less stable than the coronate.’ Both podate and coronate lanthanide complexes have 
been synthesised and showed activity as Schiff base.^^ Different podates were used for
formation of dinuclear Schiff base complexes^'’'^ '^  (Figure 21).
30 31
32 33
Figure 21: Structures of different Schiff base podates.
For example the receptor 31 was formed from condensation of two molecules of 2,6- 
diacetylpyridine 35, with one molecule of l,12-diamino-4,9-dioxadodecane 34 (Figure 
22).:^ ^
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NH2
O
NH2
34 35 31
Figure 22; Formation of podate métal ion needed for complex 31.
AU the other complexes were formed in the same way from the condensation reaction 
between 2,6-diacetylpyridine 35 and diamines.
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1.4 The Catalytic Property of the Lanthanide complexes:
Lanthanide’s magnetic properties have been studied for development of powerful NMR 
probes for biomedical applications. The largest part of the lanthanides studies in NMR 
teclmiques are devoted to Gd"^ chelates. They have been used as contrast agents (CA) in 
magnetic resonance imaging (MRI)." '^  ^Other paramagnetic lanthanide”* complexes endowed 
with sliift reagents capabilities were used for the separation of NMR resonances of species 
present in the inner and outer cellulai* compai'tment and for the measurement of pH and 
temperature.^
But more extensively Lanthanide*** complexes has been explored and studied in organic 
synthesis over the years. For example lanthanide catalysed hydroamination/ cylisation*^’^ ’^^  ^
of alkenes and alkynes, hyi'oboration/^ hydrophosphination/** hydrosilylation^* and catalytic 
enantioselective epoxidation^^ are some of these applications. In the following sections some 
of these applications are discussed.
1.4.1 Hydroamination-Cyclisation of Olefins:
Carbon-nitrogen and carbon-carbon bond forming reactions are important fundamental 
transformations in synthetic organic chemistry. These reactions are more useful and efficient 
in general if  performed catalytically, rather than stoichiometrically. The addition of N-H 
bonds to unsaturated carbon-carbon functionalities (hydroamination) (Figure 23) can be 
catalysed by a range of metal complexes, but only the lanthanide complexes^^'^^ are 
discussed here.
NH2 [(C5Me5)2La(CH(SiMe3)2)^
36 37
Figure 23: Catalytic liydroamination-cyclisatioii o f 2,2-dimethylaminopent-4-ene.27
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Organolaiitlianide-mediated aminoalkene and aminoalkyne hydroamination/cyclisation 
offers efficient regioselective, stereoselective, and atom-economical routes to numerous 
heterocyclic classes^^ for example the catalytic hydro amination/ cyclisation of 38 has been 
reported using [(C5Me5)2La(CH(SiMe3)2)] as a catalyst (Figine 24).
H
[(C5Me5)2La(CH(SiMe3)2)]^
38 39
Figure 24: Organolaiithanide liydroamination cyclisation of 38.^’
The reaction of the hydroamination-cyclisation of the aminoalkene (Figure 25) also showed 
a different pathway and produced a six membered ring imine 41, but the mechanism that 
was reported for the hydroamination-cyclisation^^ reaction showed that the reaction 
progiessed in tlnee simple steps to produce the product 39 (Figure 26).
[(C5Me5)2La(CH(SiMe3)2)]^
N CHgR N CH2R
H
38 40 41
Figure 25: The second pathway of liydroamination/ cyclisation using [(C5Me5)2La(CH(SiMe3)2)].^
In the mechanism (Figure 26) the first step was tlie coordination of the nitrogen and the 
alkene caihoii to the metal ion to form the active species. The second step was the formation 
of the carbon-nitrogen bond. The final step was the formation of the five membered ring and 
the active species. The process continued until all the starting material was consumed.
25
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CH2(SiM03)2
HN
Figure 26: Proposed mechanism for the organolantliaiiide liydroamination/ cyclisation of aminoallenes.27
A simpler mechanism (Figure 28) has been reported for a similar lanthanide catalyst 
[(C5Me5)2LaH],^^ as aminoalkene 42 was transformed to the product 43 (Figine 27).
[(CgMe5)2LaH]
NHs
42 43
Figure 27: Hydro amination/ cyclisation o f 42.
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[(C5Me5)2LaH]
NH,
Hz
(C5Me5)2La^^ -^^
HN
NH;
H
Figure 28: Proposed mechanism for the hydroamination/ cyclisation of aminoalkenes using [(CsMe5)2LaH].^
In this mechanism the metal ion coordinated to the nitrogen followed by the formation of the 
five membered ring products. The process continued until all the starting material 
consumed.
The organolaiithanide complexes of the type (C5Me5)2LnR (R=H, CH(SiMe3)2) are highly 
efficient catalysts for the olefin insertion processes.^^’^ ^
Other lanthanide catalysts such as [Ln{N(SiMe3)2 }3]"  and [(iPr)2ATI]2Y[N(SiMe3)2]'^ (ATI 
: aminotroponiminate aniide)have been developed for the alkyne liydroamination/ 
cyclisation.
NHc
[Ln{N(SiMe3)2}3l
44
Figure 29: Hydro amination/ Cyclisation of Aminoalkyne 44.
45
For example bis(triniethylsilyl) amide o f the type [Ln{N(TMS)2}3] has been reported to be 
an efficient catalyst for providing an intramolecular alkene and alkyne (Figure 29)
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hydro amination. It has been shown that this catalyst performs catalysis of an aminodiene, 
which proceeds in a stepwise manner to provide the conesponding mono cycle and bicycle 
in a highly stereocontrolled mamier^^ (Figure 30). It has been shown that this latter catalyst 
used to catalyse sequential and highly stereoselective aminodiene bicyclisation, resulting in the 
construction of the corresponding pyiTolizidine nucleus in one step as reported by the author.
46
HN
81%
91%
48
Figure 30: Hydroamination of dieiie.27
1.4.2 Hydrosilylation:
Similar to the hydroamination/ cyclisation of the aminoalkenes, studies been earned out to 
investigate the silylation reactions of 1,5-dienes and 1,6-dienes,^^ and have shown that 
[(C5Me5)2YCH3 .THF] is an efficient catalyst for the annulations and subsequent silylation of 
substituted 1,5- & 1,6- dienes (Figure 31).
[(C5Me5)2Y(CH3 )THF] 
PhMeSiH?
49
fBuI.N
50
SiPhMeH
Figure 31: Cyclisation/ Silylation reaction of 1,6-Diene.^*
There are several lanthanide metal catalysed cyclisation reactions of dienes, also many 
hydrosilylation reactions of alkenes are Icnown, but the observation of these two protocols in
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one process is rare. Radical cyclisation reactions provide one mean to accomplish this 
overall transfoimation. However, metal catalysed routes provide advantages in term of 
selectivity that are very important in these types of reactions.
It is worth Imowing that the aspect o f these transformations is the high regioselectivities and 
stereoselectivities in which the carbon-carbon bonds and carbon-silicon bonds are fomied.
(Cp;l\/lG5)pYM6.TH F 
PhMeSiH2
R
51
Figure 32: Cyclisation/ Silylation reaction of 1,5-Diene.
52
For example in the case of 1,5-dienes, the enlianced regioselectivity is attributed to initial 
olefin insertion by the organoyttrium hydride catalyst at the least sterically hindered olefin, 
followed by cyclisation to provide 1,2-disubstituted cyclopentanes (Figure 32). A 
mechanism of the silylation (Figme 33) process has been reported.^ ^
(CsMeslgYMe.THF
PhSiRH.SiPhRH
PhSiRH;
Figure 33: The proposed mechanism for the cyclisation/ silylation reaction.
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1.4.3 Hydroboration;
Studies showed that the same [(C5Me5)2La(CH(SiMe3)2)] catalyst, which is been used as an 
effective catalyst in the hydro amination/ cyclisation and hydrosilylation/ cyclisation, can be 
used also m the hydroboration of olefins, as 1-hexene has been converted to the hexanol in 
the presence of B-H (Figure 34).^^
a BH [(C5Me5)2La(CH(SiMe3)2)] H2 O2 , NaOH ’
53 54
Figure 34: Hydroboration of Olefins.
55
MMSIMS
B-H
Ln—H
Figure 35: proposed mechanism of Hydroboration.
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The mechanism of the reaction (Figure 35) showed how R2B-H/ olefins addition resulted in 
the oxidative addition/ reductive elimination sequence, which resulted in converting the 1- 
hexene to hexanol/^ The proposed mechanism showed the scheme of how the hydroboration 
worked, by brealdng Ln-H bond and forming Ln-alkyl, by olefin insertion transnietallation 
to boron yields the alkyl borane and regenerates the Ln-H species as the active species in the 
catalytic cycle.
1.4,4 Hydrophosphination:
Lanthanide complexes are competent catalysts for the hydi'ophosphination/cyclisation.^^ 
They have been shown to be sufficient catalysts for the hydrophosphination/ cyclisation of 
primary and secondary alkenyl and alkynyl phosphines (Figme 36).
[(C5Me5)2La(CH(SiMe3)2)l,
57
HoP' —  Ph [(CsMe5)2La(CH(SiMe3)2)]
Ph
58 59
Figure 36: Hydi’ophosphination/ Cyclisation ofPhosphinalkenes and phosphinalkyne.30
A similar process to the intramolecular hydrophosphination of the catalyst 
[(C5Me5)2La(CH(SiMe3)2)] was reported using yttrium imine complex^® [Yb(p^- 
Pli2CNPh)(lmipa)6] where (hmpa is Hexamethylphosphoramide) (Figure 37).
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\  i' H— P—O
Hexamethylphosphoramide(HMPA) 
Figure 37: The stincture of the Hexamethylphosphoramide(HMPA).
The hydrophosphination of alkynes with the latter catalyst was reported in tlnee simple steps 
to end up with the desired product. The mechanism (Figure 38) showed that the alkyne 61 
was converted to the product 62 following a generation of phosphide intermediate 63 h om 
the complex 60 and diphenylphosphine 64. Introducing the alkyne 61 to the complex 63 has 
generated 65, which was converted to the product 62 and regenerates the inteiinediate 63 
when protonated.^®
Ph2 PH Ph— = — Ph
P h . ^4, 61 y Ph Ph
J^YbUn -------------- ^  LnYb—PPh2
Ph Ph 63 ^  |Yb] PPh2
60 Ph^ ,Ph Ph2PH
64
H PPh2 
62
Figure 38: Proposed mechanism for the hydrophosphination/ cyclisation of alkynes.^
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Tishchenko Reaction
2.0 Tishchenko Reaction:
The Tishchenko reaction defined as the dimérisation of the aldehydes with or without a- 
hydrogen to form their conesponding esters when treated with aluminium alkoxide.^"  ^
Tishchenko reaction is similai* to the Camiizzaro reaction (Figure 39), which has been 
discovered in 1853. Aromatic aldehydes and aliphatic aldehydes with no a-hydrogen, 
undergo the Cannizzaro reaction when treated with NaOH or other strong bases, while 
aldehydes with a-hydrogen imdergo aldol condensation if treated with NaOH or other strong 
bases.
O
R ' * 'H
OH'
A viO H \
O
R OH 
Oxidised
R OH 
Reduced
Cannizzaro Reaction
O®
+ AR H R "^ ^ O H
Figure 39: Cannizzaro reaction.
hi the figure above the Camiizzaro reaction takes place by nucleophilic addition of OH" to an 
aldehyde to give a tetraliedral intermediate, which expels hydride as a leaving gi'oup. A 
second aldehyde molecule accepts the hydiide ion in another nucleophilic addition step, 
resulting in a disproportionation. One aldehyde undergoes a substitution of H" by OH" and is 
thereby oxidised to an acid, while a second molecule of aldehyde undergoes an addition of 
H" and is thereby reduced to an alcohol.
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2.1 Lanthanides tris {bis(trymethylsilyl)amides} as Tishchenko Catalyst:
The chemistry of the lanthanides shows that most of these elements exhibit a high 
coordination niunber (i.e. >6) in their complexes. The common coordination number for the 
lanthanide ions are 8, 9 and 10. A series of lanthanide complexes with coordination number 
less than six have been reported.^^ The well laiown example of these classes of compound 
are the homoleptic tiis amides [Ln{N(SiMe3)2}3] where Ln = Yb, Lu or La. Some properties 
of these amide complexes are shown in table 7.
Elements (M)^ Colour Melting Point/ “C Boiling Point7 ®C 5"
La Wliite 145-149 1 0 0 - 1 0 2 0.25
Ce Yellow-brown 95-100 -3.10
Pr Pale green 155-158 88-90 -8.64
Nd Pale blue 161-164 85-90 -5.60
Sm Pale yellow 155-158 83-84 -1.58
Eu Orange 159-162 82-84 6.43
Gd White 160-163 80-83
Ho Cream 161-164 80-85
(Y)" White 180-184 100-105 0.28
Yb Lemon-yellow 162-165 78-82
Lu Wliite 167-170 75-80 0.30
Table 7: a) M = Ln in [Ln{N(SiMe3)2}3]. b) yttrium is placed according to its radius in the lanthanide 
series, c) NMR spectra chemical shift (TMS = 0.0) in
The lanthanide complex [Ln{N(SiMe3)2}3], where Ln = La, Yb, Lu, were prepared from 
mixing the anhydrous lanthanide chloride with an equivalent amount of the 
tris {bis(trymethylsilyl)amido} litliium.^^ The X ray crystal stmcture of the lanthanum 
complex 1 was reported^^ and the structure below (Figure 40) is the crystal structure of the 
lanthanum complex taken from the Cambridge crystallographic data centre (CCDC).
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\
Figure 40: Structure of [La{N(SiMe3)2 }3] 1
The lanthanide complex [Ln(N(SiMe3)2 }3] has been purified (Figure 41) by sublimation of 
the complex [(Me3Si)2N]3Ln(p-Cl)Li(THF), which is shown to be a very effective catalyst 
in the polymerisation of butadiene/^
3(CMe3Si)2NLi + LnCIs THF [(CMe3Si)2N]3Ln(p-CI)Li(THF)3 + 2UCI 
(Ln = Nd, Sm, Eu)
Sublimation 
-LiCI, -THF
[(CMe3Si)2N]3Ln 
(Ln = Nd, Sm, Eu)
Figure 41: The schematic diagram shows the formation and purification of [Ln{N(SiMe3)2 }3]."
The homoleptic lanthanide’" amide [Ln(N(SiMe3)2 }3]” (Ln = Yb & La) was reported to be 
very active catalyst in the Tishchenko reaction in converting the trimethyl acetaldehyde 66 
to its corresponding ester 67 (Figure 42).
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O O
[Ln{ N (Si M 6 3 )2 )3 ]
66
Figure 42: Formation of neopentylneopentanoate 67.
There are many catalysts, which have been reported to work as Tishchenko catalysts such as 
aluminum alkox ides.B u t the importance in developing different catalyst is to investigate 
the scope and limitation of these catalysts, which might help to access lactones and esters of 
great structural diversity from its available carbonyl preciusors. The phenolic glucoside ester 
68 (Figme 43) from the heaitwood oîPrunns Grayana is a good example of the natural 
product esters that could form a suitable target by this catalyst. This product has been 
reported to be isolated from the bark of Pruniis Grayna and has been used as a crude drug for 
the treatment of coughs in Europe and America.^^
HO, OH
HO
HO
.OH
OH
HO
OH
68
Figure 43: The chemical structure of the phenolic glucoside ester 6 8 37
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2.2 Metal alkoxides as Tishchenko catalyst:
Aluminium alkoxides have been known for years as Tishclienlco catalysts for the conversion 
of aldehydes to esters/^ Ahmiinium alkoxide acts as an acid catalyst^^ alone, which activates 
the carbonyl carbon of an aldehyde by the catalyst attack on the oxygen atom of another 
aldehyde molecule.
o AI(0CH(CH3)2)3
69
O
O"
70
O
O '
71
Figure 44: Estérification of acetaldeliyde using alimiinimii alkoxide.39
The niechanism'^^ of the estérification of aldehyde using aluminiimi alkoxide has been 
shown in figure 45. The aluminium alkoxide reacted with the aldehyde and foiined the ester 
in one synthetic step via tlrree intermediates, and the process was repeated until all the 
aldehyde consumed.
RHgCO.
EtO' O EtO EtEtO
aluminium enolate RGHO
Etc,
RCHOEtO
EtO
aluminium enolate
O E tEtO
Figure 45: Mechanism of the ester formation usmg ahmiinium alkoxide.'’
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The mechanism has proposed that the first aldehyde is coordinated to the metal ion to form 
the intermediate A, which is followed by the foiination of complex B. The intennediate C, 
which formed from the insertion of the second aldehyde to B resulted in the ester formation 
and regeneration of the active species.
Other aluminium complexes were studied and have been foimd that their activity varies in 
the ester formation. For example the bowl shaped catalyst 74, which has been synthesised 
from the introduction of trimethylaluminium 73 to the hydroxy silyl complex 72 (Figure 46) 
was reported"^  ^to be an efficient Tishchenko catalyst and has been studied in comparison to 
other catalysts.
Ph
Ph
Ph
OH Ph OH
M egAl 73
Toluene AIMe-
72
Figure 46: The bowl shaped complex formation.'^”
74
The reaction of benzaldehyde 75 to form benzylbenzoate 76 (Figure 47) has been studied as 
a model reaction"^® in the comparison study of the activity of different catalysts. This study 
showed (Table 8) that the bowl shaped ahmiinium catalyst was the most active Tishchenko 
catalyst."^®
O  catalyst 74-80 
toluene 21°C, 5h
75
Figure 47: Estérification of benzaldehyde 75.
76
catalyst names
bowl sh a p ed  74
f-BuPh2Si-0-AIM e2 77  
Ph3Si-O-AIM02 78
Et3Si-0-AIM e2 ■ 79
(PhCH2)3Si-0-AIM e2 80
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catalyst Yields^ Yields"
74 95% 92%
77 15% trace
78 6% trace
79 trace trace
80 8% trace
Table 8: Comparison of different catalysts in the ester formation a) yields of the benzylbenzoate 76 formed 
using 2mol% of the catalysts, b) yields of the benzylbenzoate fomied using lmol% of the catalysts.
Aluminiimi alkoxides were also involved in the study of different metal catalysts and their 
activities towards the condensation of butyi*aldehyde 81, octaldehyde 84 and a-ethyl- 
butyraldehyde 87 depending on the Lewis acidity of each catalyst."^* For example the 
aluminium alkoxide was the least basic catalyst among the other metal catalysts and 
catalysed the simple ester formation (Figm*e 48) by way of Tishchenko reaction. On the 
other hand both calcium and magnesium ethoxides, which ai e moderately Lewis acidic have 
been reported to catalyse the trimeric condensation of the aldehydes to glycol ester, wliile 
the most basic sodium ethoxide produced only aldol-type condensation to fonn a,p- 
imsaturated aldehydes (Table 9).
Yields o f  ester %
Ratio 82:83 Ratio 85:86 Ratio 88:89
catalysts 82 83 85 86 88 89
AKOCzHs)] 81.6 0 69.1 0 70 0
Mg[Al(OC2Hs)4]2 26.4 44.4 19.6 425 54 6
Ca[Al(OC2H5)4l2 14.6 22.9 12.0 20.5 ••
Na2Mg(OC2H5)4 3.1 41.1 ••
Mg(OC2H5)2 7.1 32.1 3.2 28.0
Ca(OC2Hs)2 6.8 50.3 13.1 40.4 51 4.3
NaOQH; 0 0 0 0 34.3
Table 9: Tishclienlco catalysts and their esterifiction yields/
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87 88
OH
89
Figure 48; Hie products catalysed by the metal catalysts listed in table 9.
The reaction showed two types of estérification, which ar e simple estérification and glycol 
estérification. The glycol estérification (Figure 49) was reported as two steps involving first 
the formation of an aldol 91 and secondly a crossed Cannizzaro reaction of the aldol with 
aldehyde 90 to produce the trhneric glycol ester 92. Experiment showed that glycol ester 
formation only works for the aliphatic aldehydes and in the case of the aromatic aldehyde no
glycol ester was fomied 41
90
Figure 49; The formation of glycol ester 92 from aldehydes with a-hydrogens.
A similar aluminium catalyst 93 has been reported as a Tishchenko catalyst for the 
transformation of p-hydroxy ketone 94 to the corresponding anti diol mono ester 95 (Figure 
50) in the presence of an aldehyde."^^
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OH O
+ R'CHO 5mol%
Toluene, 0-21 °C, 30min.
94 95
Figure 50; Evan’s Tishchenko reaction of P-hydroxy keton.
Almiinium plienolates'^^’'^  ^ (Figure 51) have been used quite extensively as a Tishclienlco 
catalyst and have been proved to be very efficient and inexpensive.
OAKOPÔaOAKOPOa 0AI(0Me)2
0AI(0Me)2
96 97
Figure 51: Different Alimiinimi catalysts.42,43
a OAI(OPr*)2 
r'0AI(0Pr')2
98
OAI(OPr')2
,0AI(0Pr)2
0AI(0Pr*)2
99
Quite recently a modified aluminium alkoxide 100 was reported to dimerise the enolisable 
aldehydes as well as normal a ldehydes,fo r example acetaldehyde, (which is susceptible to 
undesired side reactions such as self-aldol reaction) was converted efficiently to ethyl 
acetate and silyl protected hyroxyacetaldehyde 101 also converted to its corresponding ester 
102 in high yield (Figure 52).
TBDMSO.
101
o'Pr .S02CnF-
100 TBDMSO^ X . q / \ ^ O T B D M S
102
Figure 52: Tishchenko reaction of the protected hydroxyacetaldehyde.44
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A  similar mechanism to the aluminium alkoxide was reported"^  ^for the ethyl lanthanide 
iodide complexes (EtLnl) where (Ln was Pr, Nd, or Sm). The ethyllanthanoide was reported 
to be a sufficient Tishchenlco catalyst to convert aldehydes to esters (Figure 53).
EtLnl
p-H elim ination
f
H-Lnl + CH2 = CH2 
-— PhC H O
PtiCH O
P hC H O
Lnl
Figure 53: The mechanism of the Tishchenko reaction usmg ethyllanthanoide iodide as catalyst 49
From the mechanism (Figure 53) the complex I has been formed fi-om the reaction of EtLnl 
and the aldehyde via p-H elimination, followed by the addition of a further aldehydes to 
give the desired ester.
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2.3 Tishchenko Reaction using Different Metal Complexes:
Other metal ion complexes were used as Tishchenko catalyst such as alumina supported 
rhodiiun'^^ and ruthenium‘s^ ’ complexes with different reaction pathways as 
compared with the aluminium alkoxide complexes. In the case of the rhodium complex the 
reaction had a limitation, which was the formation of alcohol as a side product from the 
transfer o f the hydrogen of the ligand to the aldehyde to reduce it to alcohol (Figure 54). The 
mechanism of the estérification reaction of the aldehyde using rhodium complexes is 
explained in figine 54."^ ^
HRh(PPh3)4
HRh(PPh3)3
HRh(PPh3)3(PhCHO)2
PhCHO HRh(PPh3)3(PhCHO)
Figure 54; The mechanism of estérification of benzaldehyde using RliH(PPh3 )4 46
Oxidative addition of benzaldehyde to the rhodium centre to form an acyl- rhodium hydride 
was not proposed by the authors"^  ^but seems to be plausible mechanistic step in order to 
account for oxidation of carbonyl followed by regeneration of the Rli-H.
The mechanism showed that the first aldehyde molecule with the catalyst formed the 
complex [HRli(PPh3)3(PhCHO)], wliich either reacted with another aldehyde to fonn the 
ester or the hydrogen of the catalyst transferred to the aldehyde and formed the alcohol that 
is considered as disadvantage'^^ m the case where pure ester is the desired product.
Different mthenium complexes showed activity as Tishchenko catalyst, such as ruthenium 
hydride c o m p l e x e s . T h e  advantage of this paiticulai- catalyst was the selectivity, which
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prevented the formation of any aldol condensation products or trimeric glycol esters. The 
biggest drawback of this catalyst is the formation of alcohol as a side product with the ester 
that was aimed for.
hi the mechanism (Figure 55) of the rutheniimi complexes, the aldehyde molecules first 
coordinated to the RuH2(PPh3)4 to form RuH2-(RCHO)(PPli3)3 followed by insertion of the 
carbonyl group of aldehyde into Ru-H.
RuH2(PPh3)4 + RCHO
RuH2(RCHO)(PPh3)3 + PPti3
RuH(OCH2R)(PPh3)3
RCH2OH [A]
RCOOCHzR  ^ RCHORu(PPh3)3_(
[B]
RCORu(OCH2R)(PPh3)3 Ru(RCHO)(PPh3)3
[D] f
RCORuH(PPh3)3T i0=CHR
RCORuH(PPh3)3 
[C]
RCHO
Figure 55: The mechanism shows the ester fomiation using Ruthenium hydride catalyst.
The mechanism showed the formation of the alcohol [A] as a side product. The second 
aldehyde molecule is coordinated to the active species [B] and formed the acyl complex [C]. 
The tliird aldehyde molecule inserted and the final intermediate [D] foimed, which followed 
by the formation of ester by reductive elimination.'^^
The other interesting metal complexes that were reported as Tishchenlco catalysts were 
zirconocene and hahiocene complexes.^^ These metal ion complexes showed a selective 
dimérisation of an aldehyde to ester imder mild conditions. Hafnocene complexes showed
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higher activity than the zirconocene complexes. The reaction of the aldehyde 103 to its 
desired ester 104 (Figine 56) was studied as a model reaction to study the different metal 
complexes and tlieir efficiency as Tishchenko catalyst (Table 10).^^
O CP?M(X)H (5mol%)^ 
0°C, 0.5h, under Ar
103 104
Figure 56: Fomiation of (3-cycloliexeiiyl)niethyl B-cycloliexene-l-carboxylate 104 from 3-cyclohexeiie-l- 
carboxaldehyde 103.^° M = Zr or Hf, X = H or CL
Catalyst Conversion % Yield %
CpzZrHz 92 90
CpzHfHz 95 87
Cp2Zr(H)Cl 9 9
Cp2Hf(H)Cl 90 67
Cp2ZrCl2 0 0
Cp2HfCl2 0 0
Cp2ZrCl2/2/î-Buli 97 93
Cp2HfCl2/2M-Buli 100 95
Cp2TiCl2/2«.-Buli 13 6
Cp2ZrCl2/«-Buli 82 80
Cp2HfCl2/2K-Buli 95 89
Table 10: Dimérisation of the aldehyde 103 to the ester 104 by various metal complexes. 50
The mechanism of the ester formation using Cp2Zr(Cl)H as Tishchenko catalyst was 
reported (Figure 57) to start with the insertion of the aldehyde into the Zr-H bond to fonn an 
alkoxyzirconium species [A]. Another aldehyde coordinates with the complex [A], followed 
by reaiTangement to fonn complex [B]. Another aldehyde coordination to the complex [B], 
and fonned [C], wliich followed by the rearrangement of [C] and led to the formation of 
ester and regeneration of the active species [A], The process repeated until all the aldehyde 
was converted to ester.
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OA O R
C l ,  f e C , H R ’ 
CP2Zr ( H
A - o
r ' c h o
R -C H O
r ' c h o
H
o
Cp2
[B]
Figure 57: Mechanism of the reaction path for dimérisation of aldehyde to ester using Cp2Zr(Cl)H.
A different type of catalyst was reported to be K2 [Fe(CO)4]-crown ether system/^ which has 
been acting as Tishchenlco catalyst. The concept of the catalytic reaction was the addition of 
the crown ether to remove the potassium cation from the tetracarbonylfenate anion. The 
ferrate anion then nucleophilically attacked the carbonyl carbon of the aldehyde to give the 
intennediate [A] (Figure 58), which followed by loosing the [Fe(CO)4]'^, when the second 
aldehyde added to the complex and resulted in fonning tlie ester.
75
Figure 58: The mechanism of the ester formation using K2[Fe(CO)4]-crown ether as catalyst.
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The major drawback of tliis catalyst was because of the formation of an alcohol as side 
product when aromatic aldehydes were subjected to the catalyst. And in the case of the 
aliphatic aldehydes, the aldehyde went tlu'ough aldol condensation.^^ A similar catalyst 
(KOz/crown e th e r) ,w as  reported (Figure 59) that depends on temperature for improving 
the reaction rate. The mechanism of the reaction (Figure 60) was reported.
OSiEt
benzene
'O KO2/1 8-crown-6 catalyst
Figure 59: The diagram shows the promotion o f Tishchenko reaction and hydrosilylation of aromatic 
aldehydes using KO2/ 18-crown-6 catalyst.^^
•Si— H +
p a th  a
HR,
I— S i—  -O
0 - 0 '
O'
path b
R
H
VII
Q
Figure 60: Mechanism shows the hydrosilylation and estérification of aldehyde using KO2/ 1 8-crown-6 
catalyst.^^
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The mechanism of the aldehyde estérification in figure 60 did show that anionic activation 
of Si-H could be achived by different salts. The esterificatin of the aldehyde progressed by 
weakening the Si-H bond when coordinated to the catalyst (O2) to give IV, which readily 
rearranged with the aldehyde to give V. The next step goes either via “path a” or “path b”. In 
path a, the hydiosilylated product II was obtained, hi path b, the complex V went via VI and 
VII to end up with the desired ester III.
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2.4 Tishchenko Reaction of the Dialdehydes:
The Tishchenko reaction is defined as the dimérisation of an aldehyde to form an ester, but 
the catalytic activity depends on the starting materials. For example in the case of the 
aluminiimi alkoxide complex 93 (Figine 50), the aldehyde and the (3-hydroxyketone 94^^ 
gave the anti diol monoester 95. Wliile the same catalyst was reported to ti*ansfer the 
aldehyde 105 to its corresponding ester 106 (Figure 61) if nothing else was present in the
mixtiue. 53
AIMe;
93
105 106
Figure 61: The estérification of cyclohexane-l-carboxaldehyde in the present of aluminium alkoxide 93.^
Again if  one molecule contains two carbonyl groups, a cyclic ester (lactone) could form 
depending on how viable is the cyclisation, hi figure 62 a well defined lactonisation reaction 
of o-phthalaldehyde 107 (Figure 62) was reported to form phthalide 108 using different 
catalysts.
107 108
Figure 62: Formation of the lactone 108 via the estérification of the dialdehyde 107.
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While the lanthanide catalyst Cp2LnCH(SiMe] )2  (Ln = La, was reported to form 
macrocyles 110 and 111 (Figure 63) from isophthalaldehde 109.
O  C p2LnCH(SiM e3)2
109
+
1 1 0  Yield 86%  (35 :36  = 9 6 :4 ) 1 1 1
Figure 63: Macrocylic formation from Isophthalaldehyde. '^*
The lactonisation of the isophthalaldehyde was reported to go through polymerisation first 
then the polymer was transformed into (l,5,ll-trioxo-2,4;8,10;14,16-tribenzo-6,12,18- 
trioxacyclooctadecane) 1 1 0  in high yield, whose structure was determined by single crystal 
structure analysis '^^ and the structure below represents the molecule 110 (Figure 64).
Figure 64: Molecular structure of 110 as reported.'^ '*
The mechanism of the Cp2LnCH(SiMe3)2 catalyst estérification has been reported (Figure 
65) and showed that the ester could be formed in a few synthetic steps.
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Cp2LnCH(SiMe3)2
RCHO
RCHO
p a th  a
RCHO
p a th  b
RCHO
Figure 65: The mechanism of the ester formation for the reported Cp2LiiCH(SiMe3 )2  catalyst. '^*
The estérification mechanism of the catalyst Cp2LnCH(SiMe3)2 went tlirough two pathways, 
hi path a, the hydride transfer went via a six-membered transition state [B], followed by the 
formation of the desired ester and the active species, hi path b, the complex [A] did go via a 
direct p-hydride elimination, which resulted in the foiination of the desired ester and Ln-H, 
which coordinated another aldehyde and fonned the active species.^"  ^The same catalyst has 
perfoiined the polymerisation of terephthalaldehyde 112 and di(4-fomiylphenyl) ether 113 
(Figure 6 6 ).
Cp2rnCH(SiM63)2 
b e n ze n e , 60"C , 7 d ^
112 Mw= 7000  114
p  CpgLnCHQiMeab^  
b e n ze n e , 60°C , 7d
113 Mw = 19000 115
Figure 66: Polymerisation of 112 and 113 via Tishchenko reaction.
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Other catalysts have been reported^^ to polymerise terephthalaldehyde 112 and 
isophthalaldehyde 109 tlnongh the Tishchenlco reaction. For example ethylmagiiesium 
bromide-sparteine complex has catalysed the terephthalaldehyde tlnongh the mechanism 
(Figure 67) initiated by nucleophilic addition of the Grignard reagent to the carbonyl group 
generating a Mg-alkoxide species.
o=c
y  + EtM gB r 0 - C 0 - C
( h
H2C— ^
*BrM g-d
H. H
*BrMg^ C^H
Polymer 114
Figure 67: Mechanism o f the polymerisation o f  dialdehyde by EtMgBr-sparteine.^
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Also it has been reported that sparteine complex of ethylmagnesim bromide act as an 
effective Tishchenko catalyst for the conversion of aldehyde 116 (Figure 6 8 ) to its esters
117 56
O
EtMgBr*
116 117
Figure 68: The fomiation of 2-pheiiylpropyl“2-pheiiylpropanoate 110 as a Tishchenko product/
A very interesting o-phthalaldehyde 107 biotransformation to the phthalide 108 (Figme 69) 
was reported by using Euglena Gracilis via the following mechanism.
OH
107
118
•OHO
.OH
119 108
Figure 69: phthalide fomiation by Euglena Gracilis z }
There are other ways for the formation of esters and lactones, such as self condensation of 
the aldehyde,photochem ical activation of the aldehydes^^ or using other catalysts.^®’^ ^
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2.5 Reduction of p-hydroxy ketone:
The reduction of p-hydi'oxy ketone could also be called the oxidation of the aldehyde via 
hydride transfer horn the aldehyde to the p-hydroxy ketone. Initially smaraium catalysed 
intramolecular Tishchenko reduction of p-hydioxy ketone 121^^ was reported (Figure 70) to 
form the anti diol monoester 1 2 2  in high yield and excellent level of stereochemical control.
OH o A
Me RXHO Me
Me 15% Sral2
121
Me
122
Figure 70: Tishchenko reduction of (3-hydroxy ketone 121.
The mechanism of samarium-catalysed reduction was reported to involve the coordination 
of the aldehyde and hydroxyl ketone to the catalyst (Figure 71), hemiacetal formation, and 
intramolecular hydride transfer.
Me2HC^
II H
Figure 71: proposed intermediate of Evan’s reduction of (3-hydroxy ketone.“
The importance o f this type of reaction was explained because of firstly the liigh level of 
stereochemical control and secondly the ability to oxidise the aldehyde (Figure 72) in the 
presence of electron rich heteroatoms, otherwise sensitive to oxidation (i.e. S, Se, N, P).*"^
123
O OH Me.yAAp^
Me______
20mol% Sml2 , 
THF,-10“C
OH O
124
HO
125
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Figure 72: Oxidation of the electron rich aldehyde to carboxylic acid using Evans’ Tishchenko techniques.^^ 
The fonnation of anti diol monoester has occurred via a different reaction (Figure 73),
which is called aldol Tishchenko reaction.^^ hi this case both aldehydes 75 and 126 were
converted into a racemic mixture (Figure 74) of the p-hydroxy ketone 129, which in turn
transferred to the anti diol monoester 127 under correct reaction conditions.
75
'H
Me
126
2mol% Y 5 0 (Q/Pr)i3 
13mol% ligand 
CH^Clg/ mol. sieve
OH O
OH
128
Figure 73; Yttrium-catalysed aldol-Tishchenlco reaction.
OHOH 2mol%  Y 5 0 (0 /P r)i3
13inol% ligand ^
C(CH3)2CH0 (Sequiv.)
Me
H
Me
75 126 129 127
Figure 74: Stepwise formation of anti diol monoester by aldol-Tishchenko reaction.
Different catalysts were used to study the stereoselective aldol-Tishchenlco reaction and they 
were the complex of Y5 0 (0 zPr)i3 and salen (130-135) (Figure 75).
N N=r
OH HO
Salen
Llqand R^
1 3 0 tB u tBu (CH2)4
131 tB u H (CH2)4
1 3 2 Me H (CH2)4
1 3 3 adamantyl Me (CH2)4
1 3 4 mu tBu Ph
1 3 5 adamantyl Me (CH2)4
Figure 75: Different complexes that have been studied for aldol condensation 62
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The yields of the different enantiomers that formed by the catalysts were reported in table 
11.
Ligaud Yield [%] (127:128)" e.e. of 127''
130 44 3.4:1 56%
131 36 3.0:1 65%
132 54 1 .6 : 1 14%
133 42 3.2:1 6 6 %
134 48 3.3:1 64%
135 70 >15:1 74%
Table 11: Yields of the ligands 130-135. a) ratio of 127:128 detemiined by NMR spectioscopy, b) 
enantiomer determined by GC.®^
The mechanism of the aldol-Tishchenko reaction has been shown in figure 76. 52
OM
A
R' A  'R'
139
O
R
OM O ^R^
OA.
R" ^  'R2
R'
138
R^CHO
_ . V _ _
O OM
136
A R^CHO
,0M
137
Figure 76: Mechanism of the antidiol monoester foiination.62
56
Tishchenko Reaction
The Zr(0 ^Bu)4  catalyst has reported''''’^  ^a similar reactivity as an effective catalyst for the 
enantioselective aldol-Tishchenko reaction of keton aldol adduct, which converted the 
aromatic aldehydes and a,p-misaturated aldehydes with diacetone alcohol (Figure 77) to the 
acetone aldol products.
OH O
OH O
lQmol% Zi(0 /Bu)4  ^
THF, -20°C, 48h
75 140 141
Figure 77: Fomiation of the acetone aldol adducts 141.*^
Wliile in the case of the aliphatic aldehydes a rapid Tishchenlco reduction of the p- 
hydroxyketones resulted in the l,3-««^>diol monoester formation (Figure 78).
o
142
OH O
143
1 Omol% Zr(OÆu)4  ^
THF, -20^0, 24h
144
Figure 78: Formation of 1,3-a;///-diol monoester 144.64
Other groups have taken advantage of the Evan’s Tishchenko reaction for the formation of 
more complex products. For example the fomiation of chiral enones'''' and quaternary diol 
units has been studied.^^
Despite the advantages of samarium iodide as the most popular catalyst in the formation of 
anti diol monoester from P-hydroxy ketones as well as its other catalytic activities in 
different applications^^ such as Michael type reaction^^ and carbon-carbon bond forming/^ 
but still has the disadvantage of being air sensitive and not readily recoverable fi*oni the 
product mixture. Naturally occuiTing saniaiium also contains the radioactive isotopes '"^ ^Sni, 
^^^Sni and which are limiting its use.
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Other catalysts have been reported to work as Evans’ Tishchenko catalyst such as scandium 
triflate^^ (Figure 79), bidentate bisaluininum alcoholate,^^ titaniumate complex 
[BuTi(0 /Pr)4Li],^^ bidentate aluminium alkoxides^"^ and 1,3-diol monoalcoholates/^
O
RCHO
OH S c(0T f)3/T H F ^
145 146
Figure 79: Reduction of 1,3 P-hydroxyketone 145 using scandium triflate catalyst.
The 1,3-diol monoalcoholates was prepared from mixing (3-hydroxyaldehyde with another 
aldehyde^^and have been reported as efficient catalysts for the Tishchenko reduction of 1,3 
P-hydroxyketones. The aldol- Tishchenko reaction is similar to the Evans’ Tishchenko 
reaction in which the P-hydroxyketone 148 reacted with the free aldehyde 147 to give the 
monoester 152. This interesting reaction sequence is shown in figure 80.
O OH O
147 148
OH
149
OH
OH
150 151
O OH
r 1 R R^  r 1
152
Figure 80: Tishchenko reduction of P-hydroxy ketons.’^
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Most of these reactions showed the conversion of the 1,3 -hydr oxyketone to its 
corresponding anti diol monoester/^ There have been circumstances when aldol products 
were obtained^^ with the help of the lanthanide catalysts depending on different reaction 
conditions. The links between all these reactions are the attraction of the oxygen to the 
lanthanide metal ions and this coordination leads to the activation of the starting material 
(aldehyde or ketone) and forming the expected product. The coordination of the lanthanide 
to the oxygen was the basis, but this coordination will change by changing the different 
functional groups (electronic property) on the starting material (the aldehyde).
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2.6 Overview of the Estérification using Different catalysts:
The homoleptic lanthanide^^^ amide [Ln {N(SiMe3)2} 3] ^  ^  is a very efficient catalyst for 
the Tishchenko reaction.^"  ^The proposed mechanism for the estérification of aldehydes using 
the homoleptic lanthanide amid catalyst is shown in figure 81. It was established from the 
mechanism that the lanthanide alkoxide (L11-O-CH2R) I is the catalytically active species. At 
start the bis(trimethylsilyl)amine and the carboxylic acid bis(trimethylsilyl) amide were 
separated from the lanthanide amide complex 1 , which resulted in the formation of the 
lanthanide alkoxide species Then one molecule of the aldehyde coordinated to the metal 
ion resulted in alkoxide tiansfer and the formation of II. Adding another aldehyde molecule 
to the complex II, the hydride transfer occuiTed and the desired ester III was formed. The 
lanthanide alkoxide regenerated after the cleavage of the ester and the cycle repeated until 
all the aldehyde is consumed.
Ln{N(SiMe3)2}3
1 O
rA h
Ln. ■N{SiMe3)2
0
R'^N(SiMe3)2
L n-rQ
Ln—Q _  HR "H hA V hR R 
II
Figure 81: Mechanism pathway for the dimérisation o f aldehydes using [LiifNfSiMealofs].
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It has been reported very cleaily from the previous mechanism (Figure 81) that aldehydes 
were converted to their conesponding ester using lanthanide complexes as catalysts. But 
other studies were needed with regards to the work of this particular catalyst such as 
functional groups compatibility, macrocyclic studies, etc, to deteiinine the scope and 
limitation of this type catalyst.
Many catalysts have been reported as Tishchenko catalysts, and the reaction of 
benzaldehyde 75 (Figure 47) has been studied as a model reaction for comparing different 
catalysts. For example the bowl shaped catalyst 74 was reported to fonn the ester 76 in 92% 
yield with lmol% of the catalyst (Table 8 ),"*^  while the [Ln(N(SiMe3)2}3]^  ^where (Ln = La, 
Sm) was reported to form 98% yield of the ester 76 under the same experimental conditions. 
Other catalysts were also studied (Table 12)'* but they produced reduced yields in 
comparison to the lanthanide amide catalyst.
Complexes Catalyst Yield %
153 [Y{N(SiMe3)2}3] 70
1 [La{N(SiM63)2}3] 98
154 [Sni{N(SiMe3)2}3] 98
155 [(C5Me5)2LaH(SiMe3)2}2] 8 8
156 Sml2 —
157 La(0 iPr)3 —
158 Sm{0(l,3-®u)2-C6H3}3 70
159 Al(0 iPr)3 51
96
0 A I (0 P r ’)2O A I(0Pr')2
67
160 OAI{OBz )z O A I(O B z )2
76
161 Cp2ZrH2 7
162 Cp2HfH2 9
163 [H2Ru(PPll3)2] 23
164 K2[Fe(C0)4] 71
165 B(0H)3 34
Table 12: Tishchenko reaction of benzaldehyde 75 to benzyl benzoate 76 witli different catalysts.'
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Estérification of the aldehydes usually occurs in the presence of a c a t a l y s t / b u t  it has 
been reported that aldehydes with a-hydrogen, imdergo the Tishchenko reaction (Figure 82) 
as well as aldol addition (Figm*e 83)/^ The Tishchenlco reaction is favoured over the aldol 
addition in the reaction ofbutyialdehyde 81. The reaction of butyi aldehyde resulted in 
forming each o f compounds 82, 83 & 167 tlu ough different pathways,^^
Tishchenko reaction
n-butyraldehyde
81
n-butyl-n-butyrate
82
Figure 82: Reaction scheme of the Tishchenko reaction ofbutyialdehyde 81. 78
n-butyraidehyde
81
Aldoi condensation
2-methyl-3-hydroxyhexanal
OH
Tishchenko reaction
-H2O
trimeric giycoi ester  
83
Figure 83: Reaction scheme of the aldol condensation ofbutyialdehyde 81.^
2-ethyi-2-hexanat
167
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2.7 Heterogeneous Tishchenko Catalysts:
The alkaline earth oxides/^ were reported to catalyse the reaction of furfinal 168 to its 
desired ester 169 (Figure 84) in high yield. The mechanism of the Tishchenlco reaction using 
alkaline earth oxide was reported^^ (Figure 85).
O
168
O SrO, 100mg
^  neat, 353K, 6h
Figure 84: the estérification of furfliral 168 using SrO as catalyst.78
169
~M—O—
RCHO
- M — 0 -
RCHO
— M—O— M—O—
R OX ?H -C —H ?— O—M—
IV
R.. M
'0 CH2R
O^CH
-M -O —
III
RCHO
H
H—C—O—C—R I Io H
-Q—M —O—M-
VI
RCHO
Figure 85: Proposed mechanism of the Tishchenko reaction using earth alkaline oxide 78
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In the mechanism the active intermediate IV of alkoxy anion has been formed from reacting 
the heterogeneous catalyst with the aldehyde. The active intermediate IV then undergoes 
catalytic cycle to form the desired ester.
Lithium tungsten dioxide complex LiW0 2 ^^  was reported as an efficient Tishchenko catalyst 
and as a catalyst for performing the Claisen-Tishchenlco condensation of aldehydes (Figure 
8 6 ) under heterogeneous conditions.
o LiWOa
90
O
170
+
OH
92
Figiu'e 86: Claisen-Tishcheiilco condensation of aldehydes.
Also the catalyst has been used for the examination o f the reaction of various para 
substituted benzaldehydes (Figure 87) under the same condition and revealed a reactivity 
pattern that was observed in the following order: NO2 > H > CH3 > CH3O (Table 13).
R
O LiWOc
Figure 87; formation of different substituted benzoate.^
Yield [%]
Ester Aldehyde
Table 13: Yield of different substituted benzaldehydes.
R 5:1 20:1 5:1 20:1
NO2 11 — 2 1 —
H 60 89 2 1 8
CH3 40 79 48 15
OCH3 31 32 60 6 8
64
Tishchenko Reaction
111 a similai' fashion KNH2 loaded on alumina and KF loaded on almnina, which are strong 
bases were reported to act as Tishchenko catalysts^^ for the formation of ester from an 
aldehyde.
Other metal oxides such as SrO 171 and CaO 172 were reported^^’^ ^to act as efficient 
catalysts for the conversion of the aldehyde to its corresponding ester. The reactivity of each 
different alkaline oxide was studied, for example furflual 168 has been converted to its 
corresponding ester 169 in high yield (Table 14). Similar studies have been conducted for 
the conversion of phthalaldehyde 107 to phthalide 108 using alkaline earth oxides.^^ The 
study used different alkaline oxides and their reactivity in forming 108 was varied and are 
summarised (Table 15).
Compounds Catalyst” Pre-treatment Temp. Surface area/nfg'^ Yield'’ I%]
173 MgO 873 267 < 1
172 CaO 873 48 61
172 CaO 873 48 78''
171 SrO 1273 1 2 83
171 SrO 1273 1 2 95"
171 SrO 1273 1 2 70'*
174 BaO 1273 2 0
175 La2 0 3 873 33 0
176 Z1 O2 873 42 0
177 ZnO 873 2 0
178 y-AIumiiia 773 173 0
179 Hydrotalcite (Mg/Al = 2) 673 118 0
180 FIuka-KF/ alumina 673 40 0
181 1.2 mmol g''-KOH/alumiiia 873 160 0
Table 14: Activities of solid base catalysts for the Tishchenko reaction of ftirftnal, a) catalyst weight lOOmg, 
furfural 10 mniol, and reaction temp. 353K; reaction time 4h,. b) Yield was detemiined by the GC 
analysis, c) Reaction time 6h. d) Reaction temperature 323K, reaction time 12h.^ ^
Compounds Catalyst weight/mg" Surface area m^  g * Reaction tinie/min Yield %
MgO” 1 0 267 60 15
MgO” 50 267 15 91
CaOb 1 0 48 60 59
CaO” 50 48 15 Quantitative
SrO" 1 0 1 2 60 15
SrO” 50 1 2 15 8 6
BaO” 1 0 2 60 0
Table 15: Activities of alkaline earth oxides for the Tishchenko reaction of phthalaldehyde, a) I mmol of o- 
phthalaldehyde, 1ml of benzene, reaction temp. 313K, b) pre-treatment temperature was 873K; c) 
pre-treatment temp was 1273.®^
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The reactions^ have reported different activities for the alkalai earth oxides, and their 
activity order was reported to be BaO «  MgO < CaO < SrO for the furfural estérification.^* 
But the activity order for the lactonisation of phthalaldehyde was reported to be BaO «  SrO 
< MgO < CaO.^^
The activities of the alkaline earth oxides vary in each reaction apart h orn the BaO, which 
shows no reactivity towards the aldehydes transfomiation in both cases.
The theory of the estérification using alkali eai'th oxides was reported^  ^on the basis that the 
oxygen of the aldehyde coordinates to the metal ion and a hydiide transfer occiUTed either 
from or to the aldehyde, resulted in fomiing a carbon cation that is activated for the 
estérification reaction (Figuie 88).
o \  (o
M-O—M-0 O—M -0
R "O R'
Figure 88: Part of the mechanism of the estérification using alkali earth oxides.
The alkali earth oxides MgO 173, CaO 172, SrO 171 and BaO 174 were prepared fr om 
M g(0H)2182, Ca(OH)2l83, SrCOs 184 and BaCOs 185 respectively by thermal 
decomposition at elevated temperature.®^
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Sennosides
3. Senna:
Semia plants are also called Cassia acutifolia or Cassia angiistifolia}^ Cassia acutifolia is 
native to Egypt and the Sudan, while Cassia angustifolia is native to Somalia and Arabia, 
These plants have been used for centuries as an effective laxative. They are used to treat 
constipation and to clean bowels. Seima was first used as a medicine by the Ai'ab physicians 
as a cathartic.^"  ^The laxative effect of the Senna is attiibuted to the semiosides A 186, B 187, 
C 188 and D 189, which belong to a class of naturally occuning diantlnones (Figure 89).^^
OGlu O OH OGIu O OH
COOH
GOOH
COOH
GOOH
OGlu O OH
186 187
OGlu 0 OH OGlu 0 OH
h'/]  H
-G H 2 OH
-G H 2 OH
h'
-G H 2 OH
-G H 2 OH
OGlu 0 OH OGlu 0 OH
188 189
Figure 89: Semiosides A-D 186-189.
Semiosides varies chemically by their substitution pattern at C3 (COOH or CH2OH) as well 
as their stereochemistry (cis or tmjts) aroimd the central CIO-CIO’ bond. In this chapter a 
review of the different antlnones and diantlirones shows their presence natinally and how 
they are formed chemically.
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3.1 Anthrones and Anthraquinones:
The naturally occurring antliraquinone and biantliron have been reported^^'^^ to show several 
pharmacological effects including antibacterial, antifungal, antispasmodic, hemostatic, and 
laxative activities. There are several forms of the naturally occurring anthraquinones (Figure 
90) and biantlnones (Figure 89), which have been studied for their beneficial and toxic 
effects on the himian body. The seeds of cassia tora L been investigated as an antioxidant. 
This herb contains many active components like aloe-eniodin 192, clnysophanol 193, 
emodin 194, rhein 195 and physcion 196, as well as obtusin, auraantio-obtusin, mbrofusarin, 
toraclii'yson, and toralactone. The antioxidant effect of different antlrrones were used to 
preseiwe food and more recently naturally occurring antioxidants have been suggested to 
reduce oxidative stress,^^ helping to change degenerative diseases such as cancer, Parkinson 
and heart disease.
OH OH OH OH OH
OH
CH
O
1 9 0 191 19 31 9 2
OH O OH OH OH
COOH
O
OH OH
OCH;
O
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Figure 90: The chemical sti'ucture of different antlu’ones.
Antlirone 197 and alizarin 191 (Figure 90) were reported to show the strongest antioxidant 
activity,^^ even though the chemical structures of the two compounds are quite different. By
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compaiing the anthi'one 197 and alizarin 191, it can be obsei*ved that alizarin 191 has a 
carbonyl gimip at C-10 position and has two hydroxyl gionps on C-1 and C-2 position, 
which act as an antioxidant fimctional gi'oiip. Aloe-emodine 192 has stronger antioxidant 
effect than rhein 195, becaus the carboxylic acid on rhein 195 results from the oxidation of 
the hydroxyl gi*oup on the aloe-emodine 192 and that lowers the oxidation potential of 
rhein.
Clnysophanol 193 acts as pro-oxidant in the system, as compared with the other 
antlnaquinones, clnysophanol contains a carbonyl gi'oup on the C-10 position and has a 
methyl gioup on the C-3 position. The same study reported that reducing power was 
associated with the antioxidant power of the compounds and the chelating effect of different 
anthmquinones depends very weakly on the number of the hydroxyl gi oup.^ '^^^
The antifungal activity of physcion 196, clnysophanol 193 and emodin 194 was reported to 
increase with increasing the purity of these compounds. Also the study included that the 
antifungal, antimacrobial and anticancer activity depends on the presence of the functional 
groups (OH, OMe, and GAc) on the C-1 & C- 8  positions.
Emodin 194 and emodin 8-0-p-D-glucopyi*anoside 198 (Figure 91) were reported to have a
strong estrogenic activity 87
OHOH
OHHO
HO
0
Figure 91: Emodin 8-0-(3-D-glucopyi-anoside.
198
Clnysophanol 193 was reported to show a strong anti-genotoxic a c t i v i t y . B u t  despite the 
advantages of the antlnaquinones, they not always have positive effects on the human body, 
as some of these naturally occiming materials might be harmful if  taken or applied in large
doses.^^ For example prolonged use of semia was reported to cause melanosis coli. 91
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3.2 Electronic Effect of the Anthraquinones:
Antliraquinones not only exhibit biological activity as herbal t r e a t m e n t , b u t  they also 
have industrial uses. For example antluaquinone 190 was used as a modifying surface for 
the glassy carbon electrodes in alkali solution (Figure 92). '^  ^The reaction is determined as a 
reduction of oxygen to hydrogen peroxide on anthraquinone-modified glassy carbon 
electrodes. The modification of the surface of the glassy carbon electrode with 
antlu aquinone 190 was a covalent attaclunent of the 190 to the surface of the electrode. The 
surface modification canied out in acetonitrile with the presence of diazonium salt.
HO OH
+2 e‘
+2H'
O:
HoO2^2
Figure 92: Tlie diagram shows the electrochemical meclmism of the anthaquinone 190.
The modified glassy carbon electrode has been used as a catalytic active surface for the 
reduction of oxygen (Figure 93), to form the hydrogen peroxide. This process has been used 
industrially to produce bulk amount of the hydi'ogen peroxide.
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Q + e 
Q + O 2 k
Q “
O2  + Q
Q = THE ATTACHED QUINONE SPECIES
Figure 93: Formation o f  the hydrogen peroxide on the antliraquinones 94
Similar studies showed that the presence of electron donating groups enliances the electron 
transfer of the quinines to oxygen.^^ For this purpose cynodontin-5,8 -dimethylether 199 and 
cynodontin 200 were used (Figure 94).
OMe O OH
OMe O OH 
Cy n 0  do ntin-5,8-D imethyl ether 199
Figure 94: The chem ical structure o f  199 & 200 95
OHOH
OHOH
Cynodontin 200
The study showed that cynodontin-5,8 -dimethyether 199 shows higher photodynamic 
efficiency than cynodontin 2 0 0 , and that is because of the presence of the (methyl) electron- 
donating groups. The photodynamic efficiency of aloe-emodin 192 was reported to generate 
a reactive oxygen species that leads to oxidative damage in both cellular DNA and RNA, 
when irradiated with UV or visible light.^^ For example the incubation of human skin 
fibroblasts with 20|liM aloe-emodin 192 for 18 horns was followed by iiTadiation with UV 
or visible light resulting in significant photocytotoxicity. Aloin A 201 was reported as non 
photocytotoxic material, but sldn fibroblasts were reported to be able to convert the aloin A 
to aloe-emodin 192 (Figure 95). Therefore any products that contain aloe-emodin 192 and 
aloin A 201 were suggested to increase the individual’s sensitivity to sun light.
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OH OH
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,OH
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OHHO
OH O OH
FeCIc
125°C/ 24h
Aloin A 201 Aloe-emodin 192
Figure 95: Oxidation of aloin A 201 to aloe-emodin 192.^
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3.3 Analysis, Determination and Separation of Anthraquinones:
Semiosides are the active ingredients in the Chinese herbals, which have been used as a 
treatment for constipation.^'^ But the herb that contains sennosides is also containing other 
antlnaquinones that shows less favourable benefits. Therefore several methods of analysis 
and separation methods were developed to differentiate between these different species.^ '^^^^ 
Clnomatography is the most effective way of separation and a n a l y s i s . S e v e r a l  groups 
have reported different analytical method for the determination of the constituents of these 
herbs. In 1995 Sheu et al have reported a method of determination of eight different species 
of the herb {Hsiao-cheng-chi-tang) using HPLC.^^ The importance of this method was that it 
showed the ability of separating semioside A 186 and sennoside B 187. Another method has 
been developed to separate semioside A 186 and semioside B 187 using capillary 
electrophoresis in the herbal senna?^ HPLC separation of the semiosides allowed the 
separation of these two semiosides individually and study their biological activity, the study 
also provided an efficient and reliable ion-pair liquid cln'omatographic method for 
quantification of semiosides A and B in commercial semia tablets. Other cln omatogi aphic 
teclmiques were used for the determination and separation of antliraquinones in different 
plants. High speed counter-current cln omatogi aphy^^ was used for the isolation of rhein 195, 
emodin 194, aloe-emodin 192, clnysophanol 193, and physcion 196 fiom Rheum Officinale. 
These hydroxyl antlnaquinones were separated by micellar electroldnetic clnomatographie 
method c h r o ma t o g r a p h y ^ f r o m Rhubarb plant. The same teclniiqiie was used for the 
separation of bianthrones.^^ The method successfully separated the contents of the plant 
quantitatively in 14niin and showed the quantity of semiosides in Rhubarb as semioside A 
186 was 41% and semioside B 187 was 18.6% with respect to the total content of the 
analytes.
Clnomatographic teclmiques are very useful for the determination and separation of the 
hydroxyantlnaquinones in plants, but they do not give the final solution for the 
characterisation of pure conipounds.^^'^^^ For studying piu*e compounds spectroscopic 
analysis is very important and provides most of the structural information as well as 
quantitative and qualitative.^®^
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3.4 Synthesis of Anthraquinones:
Naturally occiming dihydi’oxyquinones and trihydroxyquinones were isolated fi'oni different 
s o u r c e s . T o  control the formation of a specific kind of these naturally occuning 
quinones, studies have been carried out on the best pathway and precursor to end up with the 
right product.
Tlu'ough the years different groups have tried to follow the nature (Figure 96) and develop 
methods of synthesising different antlrrones and biantluones.
OH OHOH OH OH OH
HO
OH O OHO O
194 193 200
Figure 96: Biosynthesis of cynodontin 200. 103
Gronowska et have reported the formation of antluaquinone 190 from the condensation 
of 2“benzoylbenzoic acid 202 with 77%-fluorophenol 2 0 3 . Mixing these two compounds, 
resulted in the formation of 3-phenyl-3-(4-fluoro-2-hydroxyphenyl)phthalide 204, wlrich 
was reduced to the benzoic acid intemrediate 205. The benzoic acid then transfomied to 
ketone 206 after treating it with acid. Eventually the synthesis of antluaquinone 190 was 
reported successfully in a few synthetic steps (Figure 97).
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o  COOH F
202
OH
203
OH
204
2H
OAc‘OH OAc
OAcOH
206
HNOa
AcOH
207
190
Figure 97: Synthesis of antliraquinone 190.
Another procedure has been reported for the synthesis of antluaquinone 190 (Figure 98) that 
uses 2 0 2 , which midergoes catalytic dehydration 190/^^
Catalyst
Figure 98: Synthesis of anthraquinone 190.'
75
Sennosides
Aloe-emodin 192, clirysoplianol 193, emodin 194, rhein 195, physcion 196, aloe-saponarins 
212 and lactic acid D 215 were biosynthesised h  orn octaketide/^^ The key step of the 
formation of these compounds was an aldol condensation reaction of the acetyl group of the 
octaketide (Figiue 99)
OH OH
X
A
192 Aloe-emodin [X=H;R2=CH20H]
193 Chrysophanoi [X=H;R2 =Me]
194 Emodin [X=0H;R2=Me]
195 Rhein [X=H;R2=C02H]
196 Physcion [X=0Me;R2=Me]
0-^ 9
O 10 
r ^ 5
-Ri
o o
1^ s
Enz
212 Aloe-saponarin I [X=H; R-,=H;R2=C02Me]
213 Aloe-saponarin II [X=H; Ri=H;R2 =H]
214  K i l l5 A  I [X=H; Ri=Et;R2=C02H]
215 L accaicacid  D [X=OH; Ri=H;R2=C02H] OH
Figure 99: Biosynthesis of 9,10-antlnaquinones with hydroxyl groups from an octaketide/®®
OH OH
OH OH
212 213
OH OH
OH HO- OH
214 215
Figure 100: Chemical structure of 212-215.
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Following this strategy Uno et have reported the synthesis of a series of antlnaqninones 
(Figine 101) by mixing allylsilanes with 2-acylnaphthoquinones 216/^^
216
sr
219
221
218
220 0
222
"O 0  OH
223 R = H
2 2 4  R = H
225 R = OPiv
Figure 101: Synthesis of different anthraquinones. 107
The reaction was reported to follow Michael addition followed by an aldol type ring closure. 
The reaction started with 2-methylallylation of 216 with trimethylsilane derivatives (217, 
219 & 221), followed by sequential oxidation with CAN (cerimn^^ ammonium nitrate) and 
ozone to form the inteiinediates 218, 220 and 222. The intermediate underwent 
intramolecular aldol type condensation reactions. The intermediate 218 was treated with 
potassium ?err-butoxide in THF gave a mixture of 223 and 224. Inteiinediates 220 and 222 
were reacted in the same way as 218 to give a mixtiu*e of 223, 224 and 225, while 
intennediate 222 gave the quinone 225 as a single product.
Michael addition was also been used for the synthesis of cln ysophanol, ^ which was 
followed by base base-induced cyclisation (Figure 102).
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OH226 227
Figure 102; Formation o f quinones by Michael’s addition/®^
OH
OH228
Hydroquinones such as 228 are important subunits for the synthesis of important 
antliraquinones (ie. clirysophanol 193), figure 101 showed how the quinone could be 
transferred to the antliraquinone in a simple synthetic step/^^
Another approach for the synthesis of chrysophanoi was reported by Almied et as 6 - 
niethoxy“3“niethyl-2-pyrone was reacted with naphthoquinones and resulted in fomiing 
clrrysophanol, following the pathway below (Figure 103).
c.d
OAcOH
232 233
OH O OH OMe O OH
MeO'
236
Figiu'e 103: Formation of clirysophanol;reagents a) (Bu"0 )3P0 , reflux; b) Allylbroinide, Mg, THF, EtzO; c) 
O3, HOAc, DCM; d) H2O2, HO Ac; e) AcCl, reflux; f) xylene, reflux; g) CH2N 2; h) 5-hydroxy- 
1,4-naphthoquinone, xylene, reflux; i) Ag2Ü, MgSO^; j) HBr, HOAc.
Another group has reported the synthesis of quinone and xanthone analogs o f rhein. The 
synthetic strategy was based upon carbonylation of aryl triflates. It has been reported that a 
rhein analoge could be obtained from commercially available emodin.
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OH OPivOPiv OOH
Tf?. pyr. 
95% PivCI, ^ pyr, 80%OTf 'OTfOH
237 238194
OPiv O OPiv OH O OH
OH
240
Figure 104: Conversion of emodin to 7-methyl rhein, a) CO, Pd(0 Ac)2, DPPP, TMSCH2CH2OH, NET3, 
DMSG, 39%, b) TBAF, THF, NaOH, 77%.
Stoll et al. has attempted the synthesis of semioside B aglycon (semiidin) 242^^  ^using rhein 
195 as precursor. The rhein has been reduced selectively, to form the rheinanthrone 241, 
which in turn dimerised and resulted in the formation of semioside aglycon 242^ (Figure 
105).
OH OH OH OH
Reduction^
COOH COOH
O
195 241
-H2
OHOH
COOH
COOH
OH OH
242
Figure 105: Synthesis of the semioside B aglycon 242,
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Aims and Objectives
4.0 Aim and objectives:
The aim of this research was to develop a novel synthetic method for the formation of esters 
and lactones. In this novel synthetic method the homogenously catalysed Tishchenko 
reaction should be exploited. The research investigated in particular the lanthanide-[tris(bis- 
trimethylsilyl)-amide] (where lanthanide was La or Y) as Tishchenko catalyst.
4.1 Homo-esterifîcation:
The idea of this reaction was to study the scope and limitation of the lanthanide-[tris(bis- 
trimethylsilyl)-amide] catalyst using a variety of substrates with different functional groups. 
For this reason different fimctional gi'oups (as substitute groups and as hydroxyl protected 
groups) on different position {ortho ^ meta andpara) of benzaldehydes were subjected to the 
catalyst imder identical reaction conditions. A series of aliphatic and heterocyclic aldehydes 
were also investigated.
Y o
4.2 Cross-esterification:
Different para substituted benzaldehydes were studied by mixing every two different para 
substituted benzaldehydes in the presence of the catalyst. The aim of the experiment was a 
continuation of the compatibility study of the catalyst towards different functional gr oups 
(figure 106). In particular emphasis was laid on the possibility of obtaining mixed esters 
with high selectivities. Furthermore cross estérification reactions should allow detailed 
insight into the mechanism of the lanthanide catalysed Tishchenlco reaction.
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Y
Figure 106: Cross estérification of two different aromatic aldehydes
Y
o
X
4.3 Synthesis of lactones:
The project investigates the fomiation of lactones on the basis of a hydride transfer from the 
carbonyl carbon of the dialdehydes, to its neighbouring carbonyl carbon (intramolecular 
transfer). This procediue should form the lactone without any major side product, as the 
catalyst should favour intramolecular hydride transfer over intemiolecular hydride transfer. 
A series of dialdehyde precursors leading to different sizes of lactones need to be 
synthesised and subjected to the catalytic reaction conditions.
a. I  , ' ..o
n = 3
Figure 107: Formation of an eight membered ring lactones.
The final aim of this study was to apply the homogenous Tishchenko reaction in a natural 
product synthesis. The semiosides, a group of naturally occurring antlnaquinones were 
chosen as the target compounds.
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Results and Discussion
5.0 Results and Discussion:
As outlined in the aims and objectives chapter this thesis is concerned with the 
application and scope and limitation of lanthanmn complexes such as the 
lanthanum bis-(trimethylsilyl) amide 1 [La{N(SiMe3)2}3] in the homogenous 
Tishchenko reaction. This chapter reports on the use of 1 in homo-esterification 
reactions, studies of functional group compatibility, cross-esteriflcation reactions, 
lactonisation reactions and finally an attempted natmal product synthesis.
5.1 Study of the lanthanum bis-(trimethylsilyl) amide Catalyst 1:
The catalyst lanthanum bis-(trimethylsilyl) amide 1 was prepared (Figiue 108) 
according to the literature^^ procedure using «-butyl litliium, 
hexamethyldisilazane and anliydrous lanthanum chloride. Pmification was 
achieved using vacuum sublimation to give the catalyst 1 as a white moistme 
sensitive solid.
HN(SiMe3)2 +«BuLi THF LiN(SiMe3)2
LaCh
[La{N(SiMe3 )2 } 3 ] +  LiCl 
1
Figure 108: Preparation of [La{N(SiMe3)2 >3] 1
As a routine catalytic activity test, 5mol% of the catalyst was intioduced to a 
solution of trimethyl acetaldehyde 6 6  in dichloromethane (Figure 109). The 
catalyst gave with trimethyl acetaldehyde 6 6 , neopentyl neopentanoate 67 within 
one houi’ in complete conversion. The neopentyl neopentanoate 67 was analysed
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by ^H-NMR spectroscopy and it could be seen (Figure 110) that the aldehyde 
peak disappeared and instead a peak have formed at 3.74ppm (CH2O), as 
reported/^ The reason of the activity test was to check the efficiency of the 
catalyst, because the catalyst is moistme sensitive and was difficult to be analysed 
by other means due to its lack of characteristic spectroscopic handles. The 
catalyst was stored imder inert gas and was stable for two months. The catalyst is 
stable, if kept away from air or moistm e, but as soon as moisture gets into it the 
catalyst hydrolysis and becomes inactive in tire test reaction with 66. Due to the 
moistm e sensitivity of the catalyst a more convenient way of handling the catalyst 
was sought. It was foimd that the catalyst is soluble in pentane and could be used 
conveniently as a 1.6 M stock solution. The stock solution of the catalyst (1.6M in 
pentane) was foimd to be stable for one month without loss of catalytic activity.
O [La{N(SiMe3)2}3]
66
O
6 7  6 7 %
Figure 109: Estérification of tiimethylacetaldehyde 6 6 .
CDCI3
0  P P M
Figure 110: Crude ’H-NMR spectmm (CDCI3, 300MHz) o f 67.
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5,1.1 Solvent Compatibility Test:
The solvent compatibility test was earned in order to study the activity of the 
catalyst in different solvents, for this purpose a series of solution were prepared 
by dissolving the same amoimt of trimethyl acetaldehyde 66 in tetr ahydrofur an, 
dichloromethane, chlorofomr, toluene, and hexane and they were subjected to the 
catalyst 1 (5mol %) under identical condition unless stated otherwise. The initial 
study indicated that all the solvents used were perfectly compatible (table 16) with 
the Tishchenlco lanthanmn amide catalyst both in an NMR scale experiment 
(lOnig) and in a prepar ative Ig scale experiment. All the solvents were 
compatible, but dichloromethane was chosen as the solvent for furtlier reactions 
because tetrahydrofuran was difficult to remove from the catalyst, toluene has a 
high boiling point, which is difficult to remove and hexane shows less ability to 
dissolve the majority of reactants than dichloromethane.
Entry Solvent^ Time(min)‘^ Yield NMR-Scale % Isolated yield %
1 THF 60 95 65
2 DCM 60 Quant. 67
3 CHCI3 60 Quant. 60
4 Toluene 120 95 50
5 Hexane 60 Quant, 50
Table 16: A comparison between different solvents in the estérification of trimethylacetaldehyde 
6 6  to give the ester 67 (a) Reaction temperature 25°C (b) 5% mol catalyst.
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5.1.2 The Catalyst Dissociation Study:
The mechanism of the lanthanide amide catalysed Tishchenko reaction has been 
reported. The single crystal x-ray sti'uctme of the catalyst [La{N(SiMe3)2}3] has 
also been reported.^ '^^^ But it was miknown in what form the catalyst is present in 
different solvents, so it was decided to study the stmctme of the catalyst in 
different solvents. The catalyst was dissolved in different solvents in an NMR 
tube under inert gas and analysed by ^H-NMR spectroscopy. The solvents used 
were pentane, tetrahydrofuran, dicliloromethane, and chloroform. The analysis of 
the catalyst in different solvents provided the following observations.
• Pentane: In pentane the catalyst is present as [La(N(SiMe3)2}3] as the 'H- 
NMR spectra shows one singlet at 5-0.24 (^H-NMR, s, 54H). The catalyst 
neither dissociates nor aggi'egates in this solvent.
• Dichloromethane : In dichloromethane two signals (singlets) in a ratio of 2:1 
are observed at 5-0.20 (s, 36H, [La(N(SiMe3)2}2]) and -0.24 (s, 18H, 
N(SiMe3)2).
• THF: A trace of THF was present in all the solvents resulting from the 
involvement of the THF in the catalyst synthesis, even after recrystallisation. 
The ^H-NMR spectmm of the catalyst in THF shows four different multiplets, 
which represents the THF as solvent and the THF that coordinated to the 
catalyst. Two sets of THF peaks are present to differentiate between the THF 
peaks of the solvent and the THF peak that bound to the catalyst fr om the first 
preparation. The peak of the THF coordinated to the catalyst shifted to a 
higher field affected by the metal coordination. The lumiber of the THF 
molecules coordinated to the catalyst was calculated by comparing the 
integration of the THF signals to those of the catalyst, and it was shown that 
tluee THF molecules are coordinated to the lanthanum centre.^ *^
• Chloroform: In clrloroform one signal (singlet) observed at 5-0.25 (*H-NMR, 
s, 54H). The catalyst neither dissociates nor aggi'egates in this solvent.
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5.2 Estérification study:
Esters are widely used in industry especially in the flavour' and fragrance industry, 
for example esters like linalyl acetate 243,^*  ^linalyl cinnamate 244^'^ and linalyl 
butyrate 245^*  ^are found in most liouse-hold products and consumer personal care 
products, such as body lotion, perfumes and shampoos.
244243  245
hr this study two types of estérifications were investigated and they can be 
classified into homo-esterification and cross-esterification.
Homo-esterification did involve the study of the catalyst 1 in the estérification of 
different protected hydroxyl benzaldehydes on the ortho position and different 
substitirted benzaldehydes on the ortho, meta and para position.
In the case of cross-esterification, a series of para substituted benzaldehydes was 
selected and two different substituted aldehydes were mixed together and 
subjected to the catalyst 1.
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5.3 Homo-esterification:
For the homo-esterification studies a series of substituted benzaldehydes were 
chosen. The choice was made according to the following criteria.
1. A selection of oxygen protected 2-hydi oxy and 4-hydi oxy benzaldehydes was 
chosen to gain information about the scope and limitations of the reaction and 
oxygen protectmg group compatibility of the Tishchenko reaction.
2. A selection of substituted benzaldehyde with functional group displaying 
different electronic properties was chosen. These included election donating 
substituents with both +M and +I effect and electron withdrawing substituents 
with both -M  and —I effects. The electionic properties of the substituents 
should give a clear indication of the mechanism of the reaction.
3. A selection of 2, 3- and 4- substituted benzaldehydes was chosen.
4. A selection of substituted benzaldehydes with substituents of different sterical 
demand was chosen to investigate the steric restrictions of the Tishchenlco 
reaction.
As reported in chapter 7 the reaction conditions for the Tishchenko reaction 
chosen uses DCM as the solvent of choice. It was found that the catalyst 1 can be 
stored as 1.6M stock solution in pentane over several weeks under inert gas. 
Consequently this convenient form of the catalyst was used in as standard 
conditions for the reaction carried out using 5mol% of the catalyst stock solution.
5.3.1 Protecting the hydroxyl group of salicylaldéhyde:
The investigation started with selecting derivatives of salicylaldéhyde 246 as 
suitable substiates since the phenolic OH of salicylaldéhyde 246 can be expected 
to be non-compatible with the catalyst. The hydroxyl group on the salicylaldéhyde 
has to be protected. For this reason a few protecting gimips were selected as
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shown in (Figure 111). The protected salicylaldéhydes 247-251 were collected; 
their structur e was confirined by ^H-NMR, IR, MS and ^^C-NMR and they were 
ready to be subjected to the hoinoleptic lanthanum amide catalyst, mider inert gas.
Base
246
R-CI
R-Br
AC2 O 247-251
247 32% 248 75% 249 32% 250 52% 251 9%
Figure 111 : Protecting the hydroxyl gi oup of the salicylaldéhyde 246.
Tire 2-benzaldehyde-benzylether 247 was synthesised according to a modified 
literature procedure‘s^  (Figure 112) fiorn salicylaldéhyde 246 and benzyl bromide 
252. The analytical data are in agreement with the literatur'e.'s^
Br
KpCOc
DMF
246 252
Figure 112: Synthesis of 247.’^ ’
247 32%
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The allyl ether 248 was prepared in 75% yields (Figure 113) as an oil using allyl 
bromide 253 and salicylaldéhyde 246. The product was analysed by ^^C~NMR, 
^H-NMR and IR spectroscopy and compared with the reported analytical data.^^^
Br
DMF
246 253 248 75%
Figure 113: Synthesis of 248.'^ ®
Acetate 249 was prepared in 32% yields (Figuie 114) from salicylaldéhyde 246 
and acetic anliydride 254 in dimethylfonnamide. The product was analysed by 
*^C-NMR, ^H-NMR and IR spectroscopy and compared with the reported 
analytical data.^^^
1 1  ^
246 254 249 32%
Figure 114: Synthesis of 249.’^ ^
Silyletlier 250 was prepared in 52% yield from salicylaldéhyde 246 and 
TBDMSCl 255 (Figine 115). The product was analysed by '^C-NMR, ^H-NMR 
and IR spectroscopy and compared with the reported analytical data.*^ *^
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246
Figure 115: Synthesis of 250.
SL DMF
Cl
255 250 52%
Trityl protected aldehyde 251 was obtained in 9% yield by a reaction between 
salicylaldéhyde 246 and triphenylmethyl cliloride 256. The product 251 showed 
the expected analytical data and it has not been reported before, therefore the full 
characterisation of the compound is reported in the experhnental section. The rest 
of the oitho protected salicylaldéhydes have been reported previously in the 
literature.
K^CO^
DMF
246
Figure 116: Synthesis of 251.
256 251 9%
5.3.2 Protecting the hydroxyl group of/?-hydroxy benzaldehyde:
The oxygen of the para hydroxyl benzaldehyde 257 was protected in the same 
way as for the salicylaldéhyde (Figure 117). Only one protecting gioup was 
selected, which was the acetate group. The protection was carried out in the same 
way as for the acetate 249, the product 258 pmified and analysed.
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/?
K?C03,
DMF
b
257 254 258 78%
Figure 117: Synthesis of 258.'^’
The reaction resulted in the formation (78% yield) of the known 4- 
acetoxybenzaldehyde ‘ ^  * 258.
5.3.3 Estérification of the o-hydroxyl protected benzaldehydes and o~ 
substituted benzaldehydes:
The o-hydi'oxyl protected benzaldehydes and ortho substituted benzaldehydes, 
were treated with the catalyst 1 and their reaction is discussed in this section. The 
estérification of the hydioxyl protected benzaldehydes was carried out under inert 
gas at room temperature. The reaction kept stining for 48 horns (full detail given 
in the experimental part) and the esters obtained in moderate to good yield (Figure 
118).
OR
OR
247 R = Bn 260 R = Bn
248 R = Allyl 261 R = Allyl
249 R = OAc 262 R = OAc
250 R = TBDMS 263 R -  TBDMS
251 R = Tr 264 R = Tr
259 R = Me 265 R = Me
Figure 118: Homo-esterification of the oxygen protected salicylaldéhyde.
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260 70%
O O '
O '
O
262 0 %
263 12% 264 0% 265 0%
The esterifiction did not work for all the compounds. Tire catalyst tolerates a 
variety of protecting gi’onps. The benzyl protected benzaldehyde 247 was 
converted to its ester 260 in high yield as well as the allyl protected benzaldehyde 
248, wliich also gave ester 261 with similar yield when introduced to the catalyst. 
Acetate protected salicylalehyde 249 and trityl protected salicylaldéhyde 251 
failed to undergo estérification, and the starting materials in both cases were 
recovered. In the case of acetate derivative 249 it is perhaps reasonable to assmne 
that chelation of the acetate group to the lanthanum centre results in reducing the 
reactivity of the catalytically active species. In the case of the trityl derivative 251 
(Figiue 119) it seems likely that the lack of the reactivity can be explained in 
tenns of steric reasons as the trityl gioup is sterically demanding and that may 
block the oxygen of the second equivalent of aldehyde from coordinating to the 
metal ion centre.
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251 264
Figure 119: Estérification of the tiityl protected salicylaldéhyde 251.
To explain more about the steric effect, the transition state (Figuie 120) of the 
reaction has been shown with an aldehyde molecule attached to the metal centre 
of the complex II (Figure 81).
Figure 120: The proposed intermediate of the estérification of 251.
The proposed intemiediate (Figuie 120) indicates clearly that coordinating two 
molecules of 251 to the metal centre is very difficult, because of the size of the 
trityl gioup.
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In the case of TBDMS derivative 250 the estérification gave 12% yield, which 
again can be attiibuted to the steric effect (Figme 121).
250 263 12%
Figure 121: The estérification of TBDMS derivative 250,
The estérification of the methyl protected salicylaldéhyde 259 gave alcohol 266 in 
good yield. Most likely the ester is formed as an intemiediate in the reaction.
Basic aqueous woiiaip, however, leads to a hydrolysis of the ester and only the 
benzyl alcohol is recovered fiom the reaction.
[La{N(SiMe3)2}3]
OMe
259 265
Figure 122: Conversion of the aldehyde 259 to the alcohol 266.
OMé]
OH
•QMe■QMe
266 47%
The Other part of this study was the homo-esterification of different ortho- 
substituted fimctional groups. The aldehydes used were 2-fiuorobenzaldehyde 267 
and 2-nitrobenzaldehyde 268 (Figui e 123). The estérification of these aldehydes 
was not successful instead 2-fluorobenzyl alcohol 269 and 2-nitrobenzyl alcohol 
270 were isolated. Similar to the reduction of the 2- methoxybenzaldehyde 259 it 
can be assmned that the basic aqueous workup led to hydi'olysis of the ester. The
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electron withdrawing property of these two functional groups on the ortho 
position of the benzaldehyde should accelerate the hydrolysis of the intermediate 
ester (Figuie 123).
o
La{N(SiMe3)2}3 OH
267
O
La{N(SiMe3)2}3,
NOo
269 271 89%
NO-
OH
268 270 272 63%
Figure 123; Conversion of the ortho substituted benzaldehydes to their corresponding alcohols.
The 2-nitrobenzaldehyde also gave another product (Figme 124), which after 
pmification and spectroscopic analysis (Figme 125) was assigned structme 273.
NO;
NO. NO;
273 30%
Figure 124: The proposed stmcture of compound 273.
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J l__
Figure 125: ‘H-NMR spectinm (C D C I3, 500MHz) of 273.
The ^H-NMR spectmm shows 12 peaks in the aromatic region, (6H, d and 6H, t), 
which can be attributed to tlii'ee aromatic portions. The peak at 8.8ppm represents 
the HC=N and the peak at V.OSppm is the tertiary HC(NO). The singlet on 5ppm 
represents the CH2O. The NMR spectrum was taken and the resulting peaks
were shown 152ppm (C=N), 120-140ppm (aromatic), 85ppm (C-O) and 62ppm 
(CH2O). HMQC analysis and mass spectroscopy analysis finlher confiimed the 
stmctur e of 273 as the product of 2-nitrobenzaldehyde 268 with 1. 
Mecharristically it is unclear how compound 273 is formed. It can be suggested 
that after initial formation of an amide via the Tishchenlco reaction the amide was 
reduced by hydride transfer to the arninal. After loss of the two labile SiMea 
gr oups standard imine formation would give 273. A series of alternative pathways 
involving various Lanthanum arninal complexes could as well be considered.
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5.3.4 Estérification of the m-snbstituted benzaldehydes:
A nuniber of meta substituted benzaldehydes have been selected and were 
subjected to the lanthanmn catalyst 1. 3-fluorobenzaldéhyde 274, 3- 
nitrobenzaldehyde 275, and 3-methoxybenzaldehyde 276, were chosen and all 
tlnee aldehydes were subjected to the catalyst 1 (Figure 126). The aldehydes gave 
products in moderate to good yields, but the products were the alcohols 277-279, 
which resulted from the reduction of the aldehyde followed by hydrolysis dming 
work-up.
274
NO;
275
NO; NO-
OMe OMe
F
277 69%
NOg
278 55%
276
OMe 
279 39%
Figure 126: Conversion of the meta substituted benzaldehydes to their corresponding benzyl 
alcohols 277-279.
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5.3.5 Estérification of the /^-substituted benzaldehydes;
The previous experiments suggested that the position of the functional groups 
might be vital for the reactant (benzaldehyde) to proceed to the desired product 
(ester). Therefore ^ ^-substituted benzldehyde and/?-hydi*oxybenzaldehyde have 
been chosen. Initially the protection of the 4-hydi'oxybenzaldehyde was discussed 
(Figure 117), which lead to the formation of 4-acetoxybenzaldehyde 258 by 
standard procedur es. Then the aldehyde 258 was subjected to the catalyst 1 and 
gave an inseparable rnixtiu'e of the desired ester 280 in low yield (12%), 281 
(31%) and 282 (16%) (Figure 127).
La{N(SiM©3)2}3
258
280
OH
281
O
282
Figure 127: the possible products from the p-hydroxylbenzaldehyde 258.
The formation of ester 280 showed that the position the substituted gr oup plays a 
role in the ester formation as in the case of the 2-acetoxybenzaldehyde 249 the 
ester product did not form and the starting material was recovered. Tliis is the first 
evidence, which showed that by changing the position of the substituted gr oup on 
the benzaldehyde from ortho to para, the desired ester has formed. It was assumed
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that with the 2-acetoxy benzaldehyde 249 the coordination of the lanthanum metal 
to the oxygen of the acetyl gi'oup in the 2-position prevented the reaction h om 
completion. But now by changing the position of the acetyl gioup the problem 
been eliminated. The same str ategy could be tme for the steric effect, as by 
changing the position of the large protecting gi oup from the ortho to the para 
position on the benzaldehyde, the steric effect could be eliminated.
Other para substituted benzaldehydes were chosen for the same study, and the 
aldehydes were benzaldehyde 75, tolualdehyde 283, 4-fluorobenzaldehyde 284, 4- 
niti'obenzaldehyde 285, and 4-methoxybenzaldehyde 286. Each aldehyde was 
subjected to the catalyst 1 under standard conditions in order to form its 
corresponding ester (Figiue 128) tlie yields of the esters are reported below.
La{N(SiMeg)2}V
75 X = H
283 X = CHa
284 X = F
285 X = NO2
286 X = OMe
76 X = H
287 X = CH3
288 X = F
289 X = NO2
290 X = OMe
287 0%76 90%
289 50%288 26% NO;
290 0%MeO OMe
Figure 128: Estérification ofp-siibstituted benzaldehydes.
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First benzaldehyde 75 was treated with the catalyst 1 under inert gas for 72 hours 
and then purified. The product collected (90% yield) and analysed. The ester 76 
(Figure 129) was regarded as a reference for the other esters as it doesn’t consist 
of any functional gioup.
O
La{N(SiM 6 3 )2)3
76
Figure 129: Estérification of benzaldehyde 75.
In tlie case of tolaldehyde 283, a benzaldehyde with an electron rich substituent 
(+I effect) on the para position. The aldehyde was subjected to the catalyst 1 for 
72 hours, but no product formed. This is an indication of the effect of the 
functional group’s electronic property on the hydride transfer fi'om or to the 
aldehyde. The aldehyde was recovered fr om the reaction when the mixtur e 
washed with water. 4-methoxybenzaldeliyde (+M effect) 286 showed no 
conversion of the aldehyde to its corresponding ester 290.
The results so far indicated the benzaldehyde that is unsubstituted has been 
converted in high yield, and the tolualdehyde and 4-methoxyb enzaldehyde did not 
form the desired ester.
For the study to be completed electron withdr awing groups needed to be selected, 
therefore 4-fluorobenzaldehyde (-1 effect) 284 and 4-nitrobenzaldehyde (-M 
effect) 285, have been subjected to the catalyst 1 (Figure 130) and it was 
discovered that the fluoro substituted derivative 284 converted to its ester 288 in a 
moderate yield (26%), while the 4-nitrobenzaldehyde 285 converted to its ester 
289 in a reasonably high yield (50%) under identical reaction conditions. The 
final conclusion from this study indicated that electronic properties play a vital
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part for the ester formation, as electron rich gi'oiip disfavoui' the hydiide tiansfer 
from the aldehydes, which means disfavoin the ester formation, while the electron 
withdiawing gi'oups favoui' hydride tiansfer from the aldehydes, which leads to 
foimation of the ester.
La{N(SilVlea)p}3
284
F F
288 26%
OoN
285
OoN NO.
289 50%
Figure 130: Synthesis of esters 288 and 289.
The functional groups from the most favomed to the less favouied with regards to 
the estérifications are as following, NO] > F > H > CH3 > OCH3. It can therefore 
be concluded that compounds with election withdrawing groups act preferentially 
as hydride donor or hydride acceptor. It should therefore be possible to exploit the 
difference in the functional gioup's activity in cross-esterification reactions using 
two different aldehydes with different electionic properties to synthesise mixed 
esters with liigli selectivity. Furthennore the cross-esterification reactions should 
give experimental evidence on whether aldehydes with election withdiawing 
gi'oups act preferentially as hydiide donors or acceptors.
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5.4 Cross-esterification:
The crucial mechanistic step of the lanthanide catalysed Tishchenko reaction of 
converting the aldehydes to their corresponding esters is the hydiide transfer from 
one aldehyde to another. This mechanistic step is very well explained for a system 
that uses only one aldehyde, but when two different hydiide sources are used the 
system gets more complex. Therefore in a cross-esterification the fomiation of 
one or two esters instead of equal amount of all the font' possible esters forming 
from that reaction could be favoured. The electronic properties of the substituents 
should play a vital part in the hydiide transfer of the aldehyde precursor, which 
leads to the fomiation of esters as seen from the yields obtained in the homo- 
esterification section.
+
Y
Y
Figure 131: cross reaction of two different aromatic aldehydes.
The cross-esterification study flnthermore aims at investigating mechanistic 
details of the hydiide transfer. The study requires a selection of benzaldehydes 
(Figure 132) with different functional groups of various electronic properties in 
the para position. The aldehydes that selected were benzaldehyde 75, 4-
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fluorobenzaldéhyde 284, 4-nitrobenzaldehyde 285 and 4-methoxybenzaldehyde 
286 covering all possible electionic effects +1, -I, +M and -M.
R
O O La{N(SiMe3)2}3^
76 R^ = H; R  ^= H
288 R = F; r 2  = F
289 R = NO2: R^ = NO2
290 R = OMe R  ^= OMe
291 R = H; R  ^== F
292 R = H; r 2  == NO2
293 R = H; r 2  = OMe
294 R = F; R  ^=
295 R^  = F;
296 R  ^ = F;
R^  = NO2 
R^ = OMe
297 R NO2 : R^= H
298 R ' = NO2 ; R ^=F
299 R  ^ =
300 R1
.1 -
NO2 : R ^=O M e 
OMe; R  ^= H
301 R ' = OMe; R  ^= F
302 R"" = OMe; R'" = NO2
Figure 132: estérification ofp-substituted benzaldehydes.
The results from the following reactions are not contained in the experimental 
section. All necessary experimental details and spectroscopic data are given in 
this section.
5.4.1 Cross-esterification of Benzaldehyde and 4-FIuorobenzaIdehyde;
The study is divided into six parts as required for mixing every two aldehydes in 
equimolar proportions together and subjecting them to the catalyst 1. The first 
reaction consisted of the reaction between benzaldehyde and 4- 
fluorobenzaldehyde (Figure 133) in the presence of the catalyst.
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O O La{N (SiMe3)2)3
75 284
76
288
291
294
Figure 133: Cross-esterification of 75 and 284.
Compounds 8Œ 6-0  in 'H-NMR spectra MS (m/z) NMR yield %
76 — —
288 4.66 248, 139,123 25
291 4.70 230, 139, 123 25
294 —
Table 17: Yields and analytical data for the cross-esterification between 75 and 284.
The reaction of the aldehyde was left running for 72 hours under inert gas at room 
temperature and when recovered 50% of each aldehyde were consumed and only 
two products were formed 4-fluorobenzoic acid 4-fluorobenzyl ester 288 and 4- 
fluorobenzoic acid benzyl ester 291 in equal quantities as judged by their 
NMR spectra and mass spectra. The data included above (Table 17) indicates that 
hydride transfer occurred from the fluoro substituted benzaldehyde to the 
benzaldehyde. Benzaldehyde is favoured to accept the hydiide rather than act as 
the hydride soiu'ce. This means in the presence of an electron withdrawing group 
with (—1) effect, the benzaldehyde prefers to accept hydrides.
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5.4.2 Cross-esterificatioii of Benzaldehyde and 4-Nitrobenzaldehyde:
The second reaction was between the benzaldehyde and 4-nitrobenzaldehyde 
(Figine 134). The 4-nitiobenzaldehyde was converted to its coiTesponding ester in 
a higher yield as compared to the 4-fluorobenzaldehyde.
This is in line with the previous obseiwation that 4-nitrobenzaldehyde is more 
reactive than 4-fluorobenzaldehyde in the homo-esterification reaction.
r r " °
O g N '^
7 5 2 8 5
76
289
OgN
292
NOg
297
Figure 134; Cvoss-esterification of 75 and 285.
Compounds 8 CH2-O in 'H-NMR spectra MS (m/z) NMR yield %
76 ----- — —
289 4.80 302, 165, 150 38
292 4.70 256, 165, 91 37
297 — — —
Table 18; Yields and analytical data for the cross-ester!fication.
105
Results and Discussion
The reaction was kept stining under inert gas for 72 hours at room temperature 
and after purification the 4-nitrobenzaldehyde was consumed completely and 50% 
of the benzaldehyde was recovered. The ^H-NMR spectia showed that the 4- 
niti'obenzaldehyde was consmned in preference to the benzaldehyde. The product 
was analysed by ^H-NMR spectroscopy and mass spectroscopy, and only two 
product were formed which are 4-nitrobenzoic acid 4-nitrobenzyl ester 289 (38%) 
and 4-niti'obenzoic acid benzyl ester 292 (37%). The benzaldehyde did not act as 
the hydiide soui'ce, but only as the hydride acceptor. The 4-nitrobenzaldehyde 
was the only hydride source in the reaction.
5.4.3 Cross-esterification of Benzaldehyde and 4- 
Methoxybenzaldehyde :
The 4-methoxybenzaldeliyde was chosen as an example for a benzaldehyde with 
an electron donating fiuictional group witli +M effect. The cross-esterification 
between benzaldehyde 75 and 4-methoxybenzaldehyde 286 (Figine 135) was left 
stin'ing for 72 hour s under inert gas at room temperature.
76
290
OMeMeO'
MeO' 29375 286
OMe
300
MeO'
Figure 135: Cross-esterification of 75 and 286.
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Compounds bCH2 - 0  in ^H-NMR spectra MS (m/z) NMR yield %
76 4.70 212, 121,91 60
290 — — —
293 — — —
300 4.62 242, 135, 121, 107 20
Table 19: Yields and analytical data for the cross-esterification between 75 and 286.
The product obtained was a inixtui e of benzyl benzoate 76 (60% yield), benzoic 
acid 4-methoxybenzyl ester 300 (20% yield) (Table 19), benzaldehyde 75 (10%) 
and 4-methoxybenzaldehyde 286 (90%).
In this reaction benzaldehyde acts as the sole hydride source. The 4- 
methoxybenzaldehyde acts as a hydride acceptor only.
5.4.4 Cross-esterification of 4-FIuorobenzaldehyde and 4- 
nitrobenzaldehyde:
284
+
OgN 285
OLa{N(SiMe3)2}3 OoN
0 ,N
Figure 136: Cross-esterification of 284 and 285.
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Compounds ÔCH2-O in H-NMR spectra MS (m/z) NMR yield %
288 — — -----
289 4.78 302,210, 180, 166 30
295 4.64 275, 166, 109 30
298 — — —
Table 20: Yields and analytical data for the cross-esterification between 284 and 285.
The cross-esterification of the two aldehydes resulted in forming 4-nitrobenzoic 
acid 4-nitrobenzyl ester 289 and 4-nitrobenzoic acid 4-fluorobenzyl ester 295. 
The resulted conversions observed were 30% of the ester 289 and 30% of ester 
295. The starting material recovered was consisting of a mixture of 284 (80%) 
and 285 (10%). It is obvious that 4-fluorobenzaldehyde did not undergo the 
hydr ide transfer because of the presence of the aldehyde 285 with a stronger 
electr on withdr awing gr oup. That means if two adehydes 284 and 285 were 
subjected to the catalyst 1, the aldehyde with the strongest electron withdrawing 
group 285 will favour' the hydride transfer to the other aldehydes 284 and 285. 
The aldehyde with the strongest election withdrawing group 285 acts as the 
preferred hydride source in the cross-esterification reaction.
5.4.5 Cross-esterification of 4-FIuorobenzaldehyde and 4- 
Methoxybenzaldehyde:
The 4-fluorobenzaldehyde 284 was mixed with 4-methoxybenzaldehyde 286 and 
was subjected to the catalyst 1, and left stin'ing for 72 hours under inert gas at 
room temperatur e. From the previous reactions there are no doubt that 4- 
methoxybenzaldehyde 286 should not act as the hydride sour ce because of the 
presence of methoxy group (electron donating group). In this case again there are 
only two esters expected to be formed (Figure 137). The experimental results of 
this experiment show that the only products are indeed 288 and 301.
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O
284
+
MeO
O La{N(SiMe3)2)3
286
OMe
OMe
Figure 137: Cross-esterification of 284 and 286.
Compounds eC ffrO  in *H-NMR spectra MS (m/z) NMR yield %
288 4.64 248, 139, 109 24
290 ----- — —
296 - —
301 4.61 260, 139, 121 8
Table 21: Yields and analytical data for the cross-esterification between 284 and 286.
5.4.6 Cross-esterification of 4-Nitrobenzaldehyde and 4- 
Methoxybenzaldeliyde:
The reaction was between the benzaldehyde substituted with the strongest 
electron withdrawing gi'oup 285 and benzaldehyde substituted with a strong 
electron donating group 286 (Figur e 138).
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O9N
285
O
MeO
O
L a { N (S iM 0 3 )2 } 3
286
NO2
OMe
OMe
NO2
Figure 138: Cross-esterification of 285 and 286.
Compounds 8 CH2 -O in H-NMR spectra MS (m/z) NMR yield %
289 4.78 302, 166, 136 45
290 — — —
299 — — —
302 4.61 287, 166, 150, 121 10
Table 22: Yields and analytical data for the cross-esterification between 285 and 286.
The end product was a mixtine of the esters 289 (45%) and 302 (10%) and the 4- 
methoxybenzaldehyde 286 (90%).
These reactions showed that election withdrawing groups attached to the 
benzaldehyde activate the ester formation, while election donating groups 
deactivate the ester formation. The vital mechanistic part of the ester formation is 
the hydride transfer.
From the experimental observations some interesting conclusions regarding the 
mechanism of the lantlianum catalysed Tishchenko reaction can be dr awn (Figure 
139).
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= Electron withdrawing group 
= Electron donating group
L a { N ( S iM 0 3 ) 2 } 3
-La
f V i - H
N(SIMe3)2
N(SiMe3)2
0 - - L a
La— O.
Figure 139: The mechanism explains the cross-esterification of the p-substituted benzaldehydes. 
R' = Electron withdrawing group; = Election donating group.
The mechanism (Figine 139) shows that the benzaldehyde with an electron 
withdr awing group on the para position (I) coordinated to the metal ion centre.
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The benzaldehyde with an election donating group on the para position (II) 
coordinated to the lanthanmn complex and formed the active species III In the 
next step the aldehyde I is coordinated to the active species III and the 
inteimediate IV was formed. In the case of the intermediate IV the positive 
charge was built on the carbonyl gioup of the coordinated aldehyde I Transfer of 
the alkoxide ligand to the carbonyl carbon results in formation of acetal complex
V. The following step was the coordination of the aldehyde I to the intermediate 
V, wliich resulted in the formation of the intermediate VI The vital step in the 
mechanism occurred on the inteimediate VI, because a positive charge was built 
on the oxygen of the aldehyde I, which coordinated to the metal centre. The 
positive charge on the aldehyde I lead to the hydride transfer from the 
inteimediate V to the aldehyde I, which lead to the formation of the ester product 
VII and the regeneration of the active species III.
In the mechanism (Figure 139) the following conclusions could be drawn.
1. If the aldehyde II with electron donating gr oup has been replaced by the 
aldehyde I with election withdrawing group, the reaction will progress to the 
end to form the ester.
2. If the aldehyde I with electi on withdr awing gr oup has been replaced by the 
aldehyde II, with electron donating group the reaction stops in the 
inteimediate VI, because the electron donating substitute prevents the hydride 
transfer.
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Within the previously reported mechanism' ' hydride transfer was considered the 
rate detemiining step. This step conesponds to hydride transfer in intermediate
VI. However hydiide transfer from a coordinated aldehyde involves build up of 
the potentially positive charge on the acetal carbon. This is in contiadiction to the 
experimental finding and would require that activated compounds bearing an 
electron donating gioup would act preferably as the hydiide source.
In order to account for the observed selectivity with electron deficient aldehydes 
only as the hydiide source it has to be assumed that formation of the acetal in the 
coordination sphere of the lanthanide (step IV to V) is the rate determining step. 
Only for this step is reaction of an election deficient aldehyde prefeiTed since the 
carbonyl is activated for nucleophilic attack by the electron withdrawing 
substitutuent.
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5.5 Lactone Formation:
There are a wide range of procedures for tlie formation of l a c t o n e s . T h e  
conventional lactones formation involves an alcohol reacting with a carboxylic 
acid to form a lactone (Figiue 140). Hydroxy carboxylic acids need to be obtained 
in an oxidation or reduction procedme.
303 = CHO 305
304 r ’= oh, r2 = COOH
Figure 140; Conventional lactones fonnation.
Tlie lactone formed from tlie oxidation reduction reaction of the dialdehyde in the 
presence of the catalyst refeiTed to as an intr amolecular Tishchenko reaction.
This part of the project investigates the formation of lactones (Figruel41) tlirough 
hydiide transfer from one of the carbonyl carbon atom of the dialdehydes, to its 
neiglibouiing carbonyl carbon atom (intramolecular transfer).
Figure 141 : Fonnation of an eight member lactones
This pathway would form the lactone without a major side product as the 
lanthanide will allow an intramolecular hydiide transfer reaction as opposed to an 
intermolecular hydride transfer reaction.
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For example the phthalide, wliich is a five membered ring lactone attached to an 
aromatic ring was foimed from its corresponding ortho phthalaldehyde in 
excellent yield and conversion (Figuie 142).
107
La{N(SiM03)2)3
108
Figure 142: Synthesis of Phthalide.
0 PPM
Figure 143: ‘H-NMR spectrum (CDCI3, 300MHz) of phthalide 108.
But the aim was to fomi larger cycles, because in the case of phthalide, fonnation 
of five membered ring lactones has been performed, and as reported, cyclisations 
to fomi five member rings is rather facile while formation of eight membered
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rings is reported" * to be the most difficult cyclisation. Therefore the formation of 
an eight membered ring lactone was considered. This requires the synthesis of the 
dialdehyde precursors that would give an eight membered ring lactone tlnough 
intramolecular hydride ti'ansfer.
5.5.1 Synthesis of the Dialdehydes:
To form the dialdehyde precui'sors a few procedures were studied including 
oxidation using Swem oxidation,"^" ' TPAP oxidation,"^’ and ozonolysis of 
alkenes.'^'' The oxidation methods are described in detail in the following section.
1. Swern Oxidation:
The mild oxidation of primary and secondary alcohols to aldehydes and ketones 
with a mixtur e of oxalylchloride, dimethylsulfoxide and triethlamine is called 
Swem oxidation (Figur e 144). The advantages of this method are the use of less 
toxic substances as compared to many transition metal oxide oxidations such as 
diclnomate or Jones reagents and that a fur ther oxidation of the aldehyde to the 
carboxylic acid is not possible with these reagents. The disadvantage of the Swem 
oxidation is the odour of DMSO and the DMS that is also one of the compounds 
that has a non pleasant odoiu.
DMSO
NaOAc, (C0 Ci)2 
306 307
Figure 144: Oxidation of alcohol to aldehyde using Swem oxidation.'
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The Swem oxidation demonsti'ates the nucleophilicity of the oxygen atom of 
dimethyl sulphoxide, which is shown in the mechanism in hguie 145. In path 1 
the reaction involves displacement of a tosylate 312 or halide functionality by 
DMSO to form an inteimediate alkoxysulfonium salt, which produces after 
deprotonation a carbonyl compoimd 313 and DMS 314. 
hi path 2 an intermediate is generated hom the dimethylsulphoxide and an 
electi'ophile (i.e. oxalylchloride) to give die sulfonium salt 310, that after a 
nucleopliilic attack by an alcohol 311, yields the inteimediate alkoxysulfonium 
salt 312. In the presence of a base the sulfonium salt converts to the corresponding 
carbonyl compound.
jS—O + E S—O—E +/  R
V -O H
308 310 311
Path 2
y ~ o *  R'- -r2 Path 1
308
X
309
r2
312
2 /R
313 314
R"" OR R^  = Ar, Ar-C=0, E  = AcgO X = Br, Tos
Figure 145: Mechanism of the Swem oxidation."®
Many modifications of this method have been reported. Most significantly a solid 
supported Swem reagent'^' is available that the oxidising agent (eg. sulfoxide) is 
recyclable. The reagent involves the oxidation of sulfides to sulfoxides on 
polystyrene resin (Figine 146), which could be used in the Swem oxidation and 
later the used reagents could be regenerated by oxidation with ^er^-butylhydrogen 
peroxide. An odourless variant of the Swem oxidation has been reported' 
using dodecyl methyl sulfoxide as an oxidismg agent.
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Hydroxymethyl OH
polystyrene 3 15
H O
OH
311 313
Figure 146: Swem oxidation using recyclable polystyi’ene bound sulphoxide: (a) 3-(methylthio) 
propionic acid, DMAP, DIG; (b) 70% ®HP,pTSA, DCM; (c) (COCl):, EtaN, DCM.*^ '
The Swem oxidation has been studied in the dialdehyde synthesis (Figure 147) 
using literature procedures. However residual impurities, in particular traces of 
water lead to the hydrolysis of the catalyst in the Tishchenko reaction. Further 
attempts to use 317 were therefore abandoned.
316
n = 6
Swern oxidation 
DMSO. NaOAc 317
n = 6
Figure 147: Swern oxidation to form the dialdehyde 317.
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2. TPAP catalytic oxidant:
Tetrapropylammoniimi peiTuthenate [TPAP] is a readily soluble, nonvolatile, air 
stable oxidant for a lcohols /This  reagent, which is commercially available, is 
catalytic, operates at room temperatiue. The advantage of the TPAP is that the 
catalyst can actively oxidize primary alcohols in the presence of a variety of 
functional gioups (Figure 148) such as THP, epoxides, acetals, silylethers, 
peroxides, lactones, alkenes, alkynes, esters, amides, sulfones, and indoles.
OH
TH PO
O T B D M S
318
T P A P , NM O _
O T B D M S
319
Figure 148: Oxidation of primary alcohol using TPAP.
TPAP can selectively oxidise primary-secondary diols to lactones (Figme 149). 
The introduction of diols to the TPAP catalyst can convert the diols to their 
lactones instead of dialdehydes, therefore the TPAP oxidation is not the right 
reaction for the dialdehyde formation.
^ 5 ^ 9  TPA P, NMO
CHgClz, RT C 5 H9'" " O ' " ' 0
321
Figure 149: Oxidation of primary-secondary diols to lactones.
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3. Ozonolysis of Alkenes:
Ozone (O3) is a pimgent gas and is one of the allotropie forms of oxygen/
Ozone cleaves carbon-carbon double bonds (Figine 150) to give two carbonyl 
compounds. Ozone has been used in this study to oxidise the double bond of 
alkenes and form their dialdehyde precursors in two steps, first by forming the 
ozonide then reducing the ozonide to the aldehyde using a reducing agent.
322
\
/ S—0  + 2
[2 + 3] cycle addition
O
323 Ozonide
O^ 6II
Figure 150: Mechanism of the ozonolysis.*
The inteimediate in tliis process is a 5-membered ring called ozonide. Ozonides 
are unstable, explosive compounds and are usually reduced to the carbonyl 
compounds with zinc in acetic acid, tiiphenylphosphine or dimethylsulfide. 
Ozone is a co-oxidant for a number of homogeneous metal catalysed oxidation 
reactions of organic substrates. Schonbein^^^ was the first to show that alkenes 
were cleaved by ozone. Ozone can also be used for the oxidation of alcohol, 
(secondary alcohols in particular), of aromatic rings and heteroatoms. Ozone can 
also be used in an epoxidation reaction of alkenescata lysed by Mn^"(Br^-
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TMP)C1 (BR^-TMP = diaiiion of 5,10,15,20-teti'amesityl-P-bromopoipliyi'in) in 
diclilorometliane in the presence of pyiidine. Similar works have been reported 
using tiiphenyl phosphine as a reagent c o m p le x .T h e  ozonide has been 
converted to carbonyl compounds without using reducing agents (Figine 151).
• O Ph3P=CHCOCH3
-O 0°C to RT 
324 325
Figure 151: Synthesis of unsaturated carbonyl compounds from ozonide using ti iphenyl phosphine 
reagents.
Ozonolysis has been chosen as the most reliable procedure for the formation of 
the dialdehydes. Therefore the dibenzosuberenol 326 has been chosen as a 
precursor for the ozonolysis to form the dialdehydes. The distinctive advantage of 
dibenzosuberenol is the presence of two phenyl groups, which restrict the number 
of possible conformers as compared to fully aliphatic heptane dialdehyde. The 
dialdehyde has a hydroxyl gr oup that works as an additional functionality for 
substitution and protection, which was considered an advantage.
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5.5.2 Protecting the hydroxyl group of Dibenzosuberenol:
To oxidise the double bond, the hydroxyl gioup on Üie dibenzosuberenol 326 has 
to be protected. The reasons beliind protecting the hydroxyl gioup on the 
dibenzosuberenol (Figme 152) were first to prevent any side product, because 
when the dibenzosuberenol 326 was subjected to the ozonolysis, the result was a 
mixture of compoimds (Figme 153) and the only explanation for this was the free 
hydr oxyl group on 326 reacted with the ozonide. The other reason for protecting 
the hydr oxyl group was to expand on the study of the effect of the fimctional 
groups on the catalyst. The protection of the hydroxyl gr oup was performed by 
standard procedmes and a few protecting groups were selected; they all gave 
oxygen protected benzosuberenols 327-330 in satisfactory yield.
327 R = Allyl
328 R = OAc
329 R = TBDMS
330 R = Bn
.0O,.0
328 33% 329 28% 330 49%
Figure 152: Protection of the dibenzosuberenol.
All spectroscopic data of the compoimds 327-330 are in agreement with the 
proposed structmes. The compoimds 327-330 were novel, therefore full analytical 
characterisation of these compoimds are reported in the experimental section.
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5.5.3 Oxidation of the protected Dibenzosuberenol:
Dibenzosuberenol 326 was subjected to ozonolysis to form a mixtine of the 
dialdehyde 331 and heniiacetal 332 (Figme 153) as judged by the ^H-NMR 
spectrmn of the crude product. This experiment emphasises the importance of the 
oxygen protection of this series of compounds. Therefore it was decided to protect 
the hydroxyl gioup with different gioups.
o,
MgoS
o
OH
331
+
OH
332
Figure 153: ozonolysis o f  dibenzosuberenol 326.
The protected dibenzosuberenol 327 was converted to the dialdehyde 333 (Figme 
154) using ozonolysis followed by reduction with thiomea to give 333. The allyl 
olefinic bond was oxidised to the carboxylic acid as seen by the mass spectrum of 
333 showing a molecular ion at ?7i/z 298 (5%, M"^ ).
o
O3 . -78°C
O.
Thiourea
HO
327
Figure 154: Ozonolysis o f the protected dibenzosuberenol 327.
333 72%
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The otiier protected dibenzosuberenols were converted to their coiTesponding 
dialdehydes in moderate to good yield (Figure 155).
.0O.
328
329
330
Figure 155: The structure of different dialdehydes.
O
O334 32%
335 91%
O
336 72%
All spectroscopic data for the dialdehydes 333-336 are in full agreement with the 
proposed stiTictuies. All the dialdehydes were novel, therefore full analytical 
characterisation were reported in the experimental section.
Below are the structuie and the yields of the different dialdehydes that formed 
from the ozonolysis of the different dibenzosuberenol derivatives.
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Dibenzosuberenone 337 has been chosen as a similar compound to the 
dibenzosuberenol 326, with the difference of having a ketone instead of an 
alcohol on the Cl. Dibenzosuberenone has been converted to the dialdehyde 338 
in good yield (Figuie 156) usmg ozonolysis.
Me?S
338 47%
Figure 156; Synthesis of dialdehyde 338.
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5.5.4 Eight Membered Ring Lactone Formation:
Ozonolysis of the protected benzosnberenol 334-336 produced tln ee dialdebydes 
in good yields, and the dibenzosuberenone 337 was converted to its corresponding 
dialdebyde in good yield. The dialdebyde precuisors were ready to be subjected to 
tlie catalyst 1. The formation of the eight membered ring lactones was earned 
(Figure 157 and 158) out under similar conditions used in the ester fonnation.
OR
La{N(SiMe3)2}3
OR
334 R = Ac
335 R = TBDMS
336 R = Bn
339 R = Ac
340 R = TBDMS
341 R = Bn
O.
O
339 67%
Figure 157: Lactonisation of the synthesised dialdehydes 334-336.
\ / 0
341 70%340 31%
338
La{N(SiMeg)2}3^
O
342 70%
Figure 158: Lactonisation of 338.
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The lactonisation of tlie dialdehydes was successful and the lactones were fonned 
in moderate to high yield.
The formation of the lactone was straightforward for dialdehydes 334-336. But in 
the case of dialdehyde 333 the product consisted of a mixture of the dialdehyde 
333 and polymerised products of the dialdehyde, because of the presence of the 
carboxylic acid fimctionality, which resulted from the oxidation of the allyl 
functional gioup.
The synthesis of eight membered ring lactones proved to be successful and 
different lactones 339-342 were formed. The analytical and spectroscopic data of 
the lactones 339-342 are in agreement with the proposed stmctuies.
All tlie eight member lactones 339-342 showed the geminal ^Jhch coupling 
constant of the CH2O of die lactone for compounds 339-341 the two methylene 
protons are expected to be diastereotopic due to the stereo genic centre at C-8. 
Indeed the CH2O protons show an AB quaifet. For compound 342 however, the 
appearance of the diastereotopic proton in the ^H-NMR spectiaun was concerning. 
At the beginning the large coupling (J = 12.8 Hz) was conceming, but after 
literature sui-vey it was found out in the absence of a stereogenic centre that 
similar structui'es with aromatic rings gave similar coupling cons tan ts .For  
example in acetylene 343 (Figure 159) the CH2CH2 bridge protons appear as a 
AA’BB’ spin system due to slow conformational interchange on the NMR time 
scale. It can be assumed that hi compomid 342 one chiral conformation is 
accounting for the non equivalence of the two methylene protons.
343
Figure 159: Chemical structure of 343.
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5.6 Synthesis of Different Phthaloyl Protected Hydroxy 
Benzaldehydes:
The eight membered ring lactonisation of the dialdehydes proved snccessM, so it 
was decided to investigate the formation of larger ring lactones by synthesising 
different dialdehydes. The dialdehyde precursors were formed by reacting 
different hydroxyl benzaldehydes {ortho, meta and pat'a) with different phthaloyl 
benzene diacid chlorides (Figure 160).
O
o
344
345
Cl
Cl
346
R =
or
o R =
or
'O
R =R,
Figure 160: formation of different dialdehydes.
The synthesis of the dialdehydes was similar to the protection of the phenolic 
oxygen of the hydroxy benzaldehydes. For example, salicylaldéhyde was 
dissolved in DMF and was gradually subjected to the potassium carbonate 
resulting in deprotonation of the hydroxyl group. The solution mixture was left 
stirring for an horn, then was followed the addition of o-phthaloyl chloride, which 
resulted in the formation of the dialdehyde 347 (Figure 161).
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O
Cl KpCOa
DMF
•OH
246 344
O
O
O
347 62%
Figure 161: Synthesis of the dialdehyde 347.
In a similar fashion other dialdehydes were synthesised (Figure 162) and they 
were all formed in satisfactory yield.
o
o
O
o
O
o
o
o
0
o
o
348 49% 349 49% 350 49%
351 25%
O
o oo
352 0% 353 60% 354 54% O"^  355 52%
Figure 162: Structures of the dialdehydes 348-355.
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All the dialdehyde preciu'sors were novel compounds; therefore their full 
characterisation is reported in the experimental section. The spectroscopic data of 
the dialdehydes 347-355 were in agreement with the proposed structures.
The dialdehydes were subjected to the catalyst 1 in order to form large 
macrocyclic lactones, but no lactone formed and instead the dialdehydes were 
forming a mixtur e of polymerised esters, which could be deduced h orn the *H- 
NMR spectra showing broad lines in all cases.
5.6.1 Imine Macrocyclisation:
The phthaloyl dialdelrydes 347-355 reaction with the catalyst 1 to form 
macrocyclic lactones failed, but the condensation of the dialdehydes with 
diamines can form imine macrocycles. This imine formation from mixing 
dialdehydes and arnhie is straiglrtforward and a representative example is shown 
in figine 163.
o
283 357
Figure 163: Fonnation of the Imine 357.
The aim here was to react the dialdehydes 347-355 with the enantiomerically pm*e 
(7i?,2i2)“diaminocyclohexane, in order to form their corresponding macrocycles. 
There is a particular interest in the syrrthesis of imine macrocycles in the Kuhnert
133group.
(7R,2i?)-Diaminocyclohexane 359 was obtained fr om the racemic t?^ ans 
diarninocyclohexane 358 using its tartrate salt (trajts L(+)-tartaric acid). The 
enantiomeric purity was determined using polarimetry and gave a value of [a]^^o 
+13^(c 0.40, H2O, 2-dm). The (7i?,2i^)-diaminocyclohexane 359 was extracted
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(Figure 164) as colour less crystals using clilorofonn after decomposition of tlie 
salt with sodium hydr oxide.
NH, -OH NaOH
-H CHCI3 a " ''"NH2COOH
358 360 359
Figure 164: Extraction of the pure (7/?,2-R)-l,2-diaminocyclohexane 359.
The (7R,2R)-l,2-diaminocyclohexane 359 was mixed with the dialdelrydes 347- 
355 in chloroform. The crude reaction product was analysed by ^H-NMR 
spectroscopy and showed that tire aldehyde had disappeared as judged by the 
disappearance of the formyl proton signal. The mixture left for one week and was 
analysed again by ^H-NMR spectroscopy and mass spectroscopy and showed that 
the major product is a 2:2 dialdehyde:diamine macrocycle. The products formed 
from the series of the dialdehydes 347-355 were the two macrocyles 361 and 362 
(Figm-e 165).
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,NH2
351 359 361
,NH;
'NH;
— o
355 359 362
Figure 165: Fonnation of the macrocycles 361 and 362.
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5.7 Natural Product Formation: “Sennosides”
The synthetic plan for tlie synthesis of the semiosides 186-189 is outlined below 
in figui'e 166. As a key step the Lanthanmn catalysed Tishchenko reaction should 
be employed to give esters 368 or 369,
OH 0  OH OH O OH OH O OH OBn O OBn
OBn O OBh'h------------------- .[ Stereo coiihol |
369 367 g
OAc
OH HoO
OBn O OBnOBn O OBn
OBn O OBnOBn O OBn
CouplingLa. Cat.
OBn O OBn
Coupling
OBn O OBn
OBn O OBn
368
Figure 166: The proposed reaction scheme for the fonnation of sennoside intermediate 369.
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Alternative strategies for the fonnation of the CIO-CIO’ centres carbon bond are 
considered with an aim to achieve full stereocontrol over the relative 
configuration of CIO and CIO’.
Several methods were investigated for the formation of the intermediate where 
using different starting materials, but eventually it was decided to use the 
commercially available aloin A 201 as the starting material. The aloin A 201 is 
light sensitive; tlierefore any manipulation has to be imdertaken under exclusion 
of light. The first step involved the formation of Aloe-emodin 192 by oxidation of 
the starting material, followed by a selective reduction of the C-10 carbonyl 
carbon to form the intermediate 363. The reaction gets more complicated, as the 
hydroxyl groups in 363 needs to be protected selectively by two protecting 
groups. The plan is fir st to protect the primary hydroxyl group on the compound 
363, followed by the protection of both phenolic alcohols. The next step involves 
the deprotection of the primary hydroxyl group and its conversion into an 
aldehyde precrusor 366 by oxidation. The aldehyde 366, could go tlrrough two 
different synthetic pathways to achieve the desired product. The first pathway 
involves the subjection of the aldehyde 366 to the lanthanimi amide catalyst to 
form the ester 368, which followed by the central ClO-ClO’ bond forming. The 
other pathway is to dimerise the aldehyde 366 and form the dialdehyde diantlrrone 
367, followed by the intr oduction of the dildehyde 367 formed to the lanthanum 
amide catalyst to form the desired product 369.
5.7,1 Formation of the Aloe-Emodin:
The natur al product formation route started with the formation of the aloe-emodin 
192, by oxidation of the commercially available aloin A 201 using FeCls. The 
solution mixture left stirring at room temperatue for hour, later the temperature 
of the solution mixture rose to 115°C and kept for 1 hour' at this ternperatm e 
before raising it to 125°C. The reaction kept stirring for 24 hours at 125°C, then 
left to cool down and a dark brown solid formed. The aloe-emodin 192 was
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extracted from the dark brown solid by dissolving it in a boiling toluene. The hot 
toluene that contains aloe-emodin left to cool down and the product recrystallised 
as orange crystals (25%). The spectioscopic data are in agieement with those 
reported for 192. The ^H-NMR spectmm is shown in frgui e 168.
OH OH
OH
HO,
HO
off
201
OH O OH
FeCIa
T o lu e n e
192
Figure 167: Synthesis of aloe-emodin 192.
Figure 168: 'H-NMR spectrum (CDCI3, 500MHZ) of the Aloe-emodin 192.
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5.7.2 Formation of the Acetic acid 4,5-dihydi oxy-10-oxo-9,10-diliydro- 
anthraceii-2-yImetIiyI ester 363 and Chrysophanol 193:
The next step in the process was the selective reduction of the carbonyl “CIO” 
using S11CI2 in HOAc/ HCl to foim 363 (Figure 169). In tliis selective reduction 
presumably the Sn(II) coordinated to the phenolic OH and CO of the C9 to form a 
chelate protecting the CO of the C9 from reduction.
OH O OHOH OH OH OH
o o
192 193 3 63
Figure 169: Reduction of aloe-emodin to form chrysophanol 193 and 363.
The reduction was carried out by mixing aloe-emodin 192 and tin(II) chloride and 
dissolving it in a mixtur e of hydrochloric acid and acetic acid. The reaction 
mixture heated to 120®C for 1 hour, then left to attain room temperatur e, followed 
by the precipitation of the product by adding water into the mixture. The product 
363 was purifred from the solid in moderate yield (20%). Clnysophanol 193 
(25%) was formed as a side product in tlris reaction. Formation of clnysophanol 
193 was done by the reductive cleavage of the alcohol from the aloe-emodin in 
the presence of the acid (Figrne 170).
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OH OH OH OH OH
HCI.AcOH^ 
■OH "srici^ ^.OH FeCIs Toluene
HO.
201 192HO
193
JHO01?
Figure 170: Synthesis of chrysophanol.
There are other synthetic methods been reported for the formation of 
clnysophanol, which are all laborious multi-step reaction sequences. The method 
that is been reported here is a novel method using only two steps &om 
connnercially available starting material giving 193 in reasonably high yield and 
pmity, as shown on the ^H-NMR spectrum (Figure 171). The spectroscopic data 
are in agieement with the reported synthetic clnysophanol.
This finding shows that there are other antlnaquinone derivatives could be 
synthesised from alom A or one of its derivative with a few synthetic steps.
Figure 171 : 'H-NMR spectrum (CDCI3, 500MHz) o f the Chrysophanol 193.
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5.7.3 Formation of the Sennoside C Aglycon 370:
The CIO reduced aloe-emodin that formed previously was a perfect precursor for 
tlie synthesis of the sennoside C aglycon. The compound 363 was dissolved in an 
aqueous sodimii hydi'oxide and oxygen bubbled tlnougli the solution mixture. An 
excess of palladium on charcoal was added to the mixtui e wliile oxygen was 
bubbling. The reaction was left stining for 2 hours, then filtered to get rid of the 
charcoal. Hydrochloric acid added to the solution and the product 370 was 
crystallised fiom the solution (Figure 172).
OHOH
3 6 3
Pd/ O ,
NaOH, HCl
OH
OH
OH
3 7 0
OH OH
Figure 172: fonnation of the sennoside aglycon 370.
For the HIO-HIO’ protons only one signal is observed in the ^H-NMR spectra. 
Hence the compound must be C2 symmetric as opposed to meso and possess the 
tmns configuration.
5.7.4 Protecting The hydroxyl groups of 1,8-hydroxyanthrquinone 371 
and 1,5-hydroxyanthraquinone 373:
As a model study of the natural antlnones, protection of the hydroxyl groups of 
the antlii'aquinones 371 and 373 were earned out. The protection using benzyl 
bromide in DMF of the two antln aquinones was successful and the desired 
product 372 and 374 were formed in good yields. The protection then canied out
138
Results and Discussion
on the aloe-emodin, in order to protect the phenolic alcohols in 350 and progress 
to the next step in the semiosides intermediate synthesis plan, but the benzylation 
attempt failed. The procediue was repeated several times without any success.
OH o  OH
KoCO;
BnBr, DMF^
372 91%
OH O
BnBr, DMF
374 83%
Figure 173: Protection 1,8-hydroxyanthrqumone 371 and 1,5-hydroxyanthrquinone 373 with 
benzyl group.
139
Results and Discussion
5.8 Evans’ Tishchenko Reaction:
The other part of the study was the use of the Lanthanimi amide catalyst as Evans’ 
Tishchenko catalyst, which has been reported to lead formation of anti diol 
monoester such as 122 (Figuie 174) from the p-hydroxyketon 121 after reaction 
with an aldehyde and Sml2 .
OH o
Me
Me
R~CHO ^ Me 
15% S111I2
121
Figure 174: Evans’ Tishchenko reaction.
For tliis purpose different precmsors have been used, but mifortunately none of 
them gave the expected product, which gave the conclusion that the catalyst is not 
an active Evans’ catalyst. The starting materials that used were 2-hydroxy-5- 
methylbenzophenone 375, 2-hydroxybenzophenone 376 and 2- 
hydi'oxyacetophenone 377.
OH OH
375
Figure 175: The chemical stincture of (3-hydroxy ketones 375-377.
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The conversion of the p-hydi'oxy ketone with the 4-nitrobenzaldehyde to the 
desired anti diol monoester by employing the catalyst failed for all tlnee reactants 
375, 376 and 377. Meanwhile the reaction of 1,2-hyroxyketone (benzoin) 378 
with 4-niti'obenzaldehyde in the presence of the catalyst 1 lead to the formation of 
benzil 379 (Figine 176).
HQ .0 9x ,9
La{N(SiMe3)2}3 ^
378 379
Figure 176: The fonnation of Benzil 379.
The 4-nitrobenzaldehyde 285 was chosen as the aldehyde and was mixed with the 
1,2-hydroxy ketone 378. The product that obtained from this reaction was purified 
and gave benzil 379 in good yield. ^H-NMR and ^^C-NMR spectra were recorded 
for the compound 379 and they were in agreement with the reported analytical 
data for benzil.
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5.9 Activity of the Lanthanum Amide Catalyst towards Other
Aldehydes:
At the end of the project different aldehydes were chosen to be subjected to the 
catalyst 1  in order to study the compatibility of the catalyst 1 towards other 
aldehydes in the presence of functional gi’oups and n bonds close to the carbonyl 
group. The aldehydes were a selection of aliphatic (satur ated and unsatirrated) 
aldehydes and aromatic aldehydes (Figure 177).
o
384 386 387
386 389
Figure 177; Different aldehydes reacted with the catalyt 1.
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5.9,1 Lanthanum Amide Catalyst Reactions with Aromatic Aldehydes:
The aldehyde 381 was subjected to the catalyst and left stining for 72 hours, then 
after purification the end product was a mixture of the staring material and the 
ester 390 (Figure 178).
o
o- 'o
381 390
Figure 178: Estérification of 381.
A similar aldehyde 382 was also converted to the ester 391 but in a low yield 
(Figure 179).
o
382
Figure 179: Estérification of 382.
391
The other interesting aldehyde converted to ester was the aldehyde 386 as the 
ester 392 formed was similar to the intermediate 359 that aimed for in the natural 
product synthesis. The aldehyde converted to ester, but because the compound is 
light sensitive it was difficult to purify tlie product from the starting material 
(Figure 180).
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La{N(SiMe3)2}3,
386
Figure 180: Estérification of the 386.
392
The other aromatic aldehydes failed to fonn the desired esters, either because of 
the present of other functional groups close to the carbonyl group or steric 
reasons.
The aliphatic aldehydes also failed to form the esters desired and instead the ^H- 
NMR spectra were very messy indicating that the aliphatic aldehydes have 
foimed more than one product, which were very difficult to purify and analyse.
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Conclusions
6.0 Conclusions;
To conclude with, tlie present study has broadly deinonstiated the scope and 
limitation of the lanthanimi bis(tiimethylsilyl)amide [La{N(SiMe3)2}3] as 
Tishchenlco catalyst. The study has provided examples of the success of the 
catalyst in various estérification reaction.
A series of substituted aromatic aldehydes could be used successfully in the 
homogenous Tishchenko reaction. These aldehydes included in particular a series 
of oxygen protected compoiuids illusti ating the compatibility of the catalyst with 
a variety of oxygen containmg ftmctional gi'oups.
The homo-esterification and cross-esterification studies carried out, had shown 
fiu'thermore that the estérification of para substituted benzaldehydes depended 
dramatically on the electi'onic properties of the substituents. Election withdrawing 
gi'oups helps hydride ti'ansfer resulting in higher turnovers of the reaction. In 
contiast electron donating gioups decreases the reaction rate.
Cross estérification studies using two different benzaldehydes with different 
electi'onic properties had shown that mixed esters can be obtained with some 
selectivity. The aldehydes with electron withdrawing substituents act 
preferentially as a hydiide soiuce whereas benzaldehyde with electron donating 
gi'oups disfavour hydiide donation. Conclusions regarding the mechanism of the 
Tishchenko reaction could be drawn. In particular it is proposed that formation of 
an acetal lantlianum complex is the rate determining step of the reaction.
Apart hom the electronic effect, the steric hindrance was found to play a role in 
the estérification process, as large protecting gioup prevented the ester from 
foiining.
hi general the lanthanide catalyst has been reported for the formation of lactones 
(phthalide). This is possible due to the small nimiber of the atoms involved in the 
cyclisation process. The eight membered ring lactone formation was more
145
Conclusions
important because of the higher nmnber of atoms involved in the cyclisation and 
could be accomplished. In comparison die lactone originatmg from the 
dibenzosuberenone as compared to tiiose derived from benzosuberenol gave a 
higher yield and this goes back to the restrained movement of the two 
benzaldehyde connected by the carbonyl carbon.
The synthesis of larger ring lactones was attempted but resulted in formation of 
polymeric materials. However, a series of poly-iniine macrocycles could be 
obtained ushig the dialdehyde precmsors.
The final part of the study involved the attempted natmal product synthesis of the 
Semiosides. In this part of the work a successful synthesis of the sennoside C 
aglycon in a few synthetic steps could be achieved. Clnysophanol was also 
synthesised from aloin A in tlnee synthetic steps.
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Experimental
7.0 Experimental;
All melting points were recorded on the Kofler melting point apparatus and are uncoiTected.
and 2D NMR experiments were acquired on a Brulcer DRX 500 and a Brulcer AMX 
300 spectrometers using CDCI3 as the solvent unless otheiwise stated. All ^H-NMR and ^^C- 
NMR chemical shifts are quoted in ppm relative to tetramethyl silane (TMS) or chloroform 
(CDCI3), all coupling constants are quoted in Hz. All IR spectrums were recorded on Perkin 
Elmer 2000-FTIR specti'ometer using KBr cells, CHN analysis were obtained using Leeman 
Labs CE 440 Elemental analyser and TLC (Thin Layer Clnomatography) was used to 
monitor the progress of the reactions. The mass spectra were obtained on Finnigan MAT 
95XL mass spectrometer operating in El, Cl or FAB mode. Other apparatus have been used 
in the synthesis such as the ozoniser (Fischer ozone generator OZ500) in the synthesis of the 
dialdelrydes, and rotary evaporator for removing the solvents. Different reagents and 
solvents have been used in the synthesis of the compounds and they are mentioned as 
needed. Argon gas been used extensively as most of the reactions carried out under inert gas. 
All chemicals were purchased from Aldrich, ACROS and Lancaster and were used without 
further pmification unless otherwise stated.
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Expérimental
1. Lanthanum bis-(trimethylsilyl) amide 1:35
To a solution of 66.5ml n-butyl-lithium (1.6M in hexane) in 100ml of dry tetrahydrofuran 
was added 24ml (19.3g/ 0.12 mmol) hexamethyl disilazane with continuous stining and 
cooling to 0°C for Ihour. 8.5g (34.60 mmol) of anhydrous LaCl] was added to the mixture 
while stirring. The mixture was left to attain room temperatine and kept stirring for another 
24 hours. The solvent was removed under reduced pressuie. 80ml n-pentane was added to 
the crude solid, filtered and the catalyst was recrystallised fiom pentane and dried under 
vacuum. The crude Lanthanum bis(trimethylsilane)-amide complex was sublimed at 100- 
102°C under 10“^  mmHg to give the title compound 1 as white powder (lOg, 46% yield);
mp. 143-146°C; sublimation point 100-102°C at lO'^mmHg; b y  (500MHz, CDCI3): 0.24ppm
(^H-NMR, s, 54H).
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Experimental
2. Neopentyl-neopentanoate 67: 11
.0^  La{N(SiMe3)2)2
66 67
To a solution of lOOmg (1.00 inniol) trimethyl acetaldehyde 6 6  in 10ml dry 
dichloromethane was added 36mg (0.06 mmol) of the catalyst 1  and left stirring for one hour 
under inert gas at room temperature. Then 5ml of water was added and the organic phase 
separated, diied over anliydride magnesium sulphate, filtered and the solvent removed under
vacuum to give the title compound 67 as colourless oil (67.2mg 67%); by (300MHz, CDCI3)
3.74 (2H, s, OCH2), 1.20 (9H, s, (CH3)3CCO), 0.9 (9H, s, ( ^ 3)3 0 % ) ;  be (75MHz,
CDCI3) 175.5 (CO ester), 75.1 (OCH2), 38.5 (CH3)3CCO), 31.2 (CH3)3CCH2), 27.3, 26.4 
(CH3).
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3. 2-Trityloxybenzaldehyde 251 :
-Cl K2 CO3
246 256
DMF
251
To a solution of l.Og (8.19 mmol) salicylaldéhyde 246 in 20ml dimethylformamide was 
added 1.7g (12.28 mmol) potassium carbonate. 3.43g (12 mmol) of triphenylmethyl chloride 
256 was added to the solution mixture and left stining for 24horu's at 70°C. The solution was 
cooled to room temperatine and 10ml chloroform was added. The mixture was washed with 
10ml water and 5ml satruated potassium carbonate. The combined organic extracts were 
dried over anlrydious magnesium sulphate, filtered and the solvent evaporated under 
reduced pressme. The solid residue was recrystallised over diethylether to give the title 
compound 251 as a white solid (0.27g, 9%); Rf0.31 [EtOAc-Lp (40-60°C) (9:1)]; mp. 126-
127“C; Vmax (nujol)/ cm ' 1685 (C=0), 1594 (Ai), 1217 (C-O); 5h (300MHz, CDClj) 10.59 
(IH, s, CHO), 7.71 (IH, d, J 7.4, Ai). 7.22-7.48 (15H, m, CPhs), 7.09 (IH, d, J 7.4, Ai), 6.90 
(IH, t, J 7.4, Ai), 6.61 (IH, t, J 7.4, Ai); 5c (75MHz, CDCI3) 192.0 (C=0), 159.0, 143.6, 
134.4,129.0,128.7, 128.3, 128.0,127.9, 121.9, 121.6 (Ai), 92.0(C-O); Found (Cl) 364.1458 
[M*], C26H20O2 requires 364.1444; m/z (Cl) 364.1 (5%, M*), 288.1 (10, M - Ph), 260.1 (15, 
PI13CO), 243.1 (100, PI13C), 165.0 (95, PI12C), 105 (30, Ai-CO); CHN requires for C26H20O2 : 
C 85.69%, H 5.53%: Found: C 84.26%, H 5.28%.
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4. 2- benzyloxybeiizaldehyde 247: 127
246
Br
252
K2CQ3
DMF
247
To a solution of l.Og (8.2 mmol) salicylaldéhyde 246 in 20ml dimethylformamide was 
added 1.7g (12.28 imnol) potassium carbonate. 2.1g (12 nmiol) of benzyl bromide 252 was 
added to the solution and left stirring for 24 hours at 70°C. The solution was left to cool to 
room temperatme and the organic phase was washed with 1 0 ml water and 1 0 ml saturated 
potassium carbonate. The combined organic extracts was dried over anliydrous magnesium 
sulphate, filtered and evaporated under reduced pressure. The dried organic residue was left 
under high pressiue vacuum for 24 horns to give the title compound 247 as colourless oil
(0.56g, 32%). ÔH (300MHz, CDCI3) 10.57 (IH, s, CHO), 7.87 (IH, d, J7 .5 , Ai), 7.36-7.43
(6 H, 111, Ar), 7.06 (2H, d, J 8 .2 , Ar), 5.20 (2 H, s, CH2O); m/z (Cl) 2 1 2 .2  (20%, M^), 107.1 
(40, M - C6H4CO), 105.1 (80, M - Bn), 91,1 (100, Bn).
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5. 2-Allyloxybenzaldeliyde 248: 128
246
Br
K2 CO3
DMF
253 248
The allyl ether product 248 was obtained in the same way as compound 247 from adding 
1.49g (12 nnnol) allyl bromide 253 to the mixture of l.Og (8.2 mmol) salicylaldéhyde 246 
and 1.7g (12.28 mmol) potassium carbonate in 10ml dimethylformamide. The product
purified in the same way to give the title compound 248 as colourless oil (l.Og, 75%); dy
(300MHz, CDCI3) 10.54 (IH, s, CHO), 7.84 (IH, d, J7 .7 , Ar), 7.52 (IH, t, J I J ,  Ar), 7.05 
(IH, d, J i n ,  Ar), 6.96 (IH, t, 77.7, Ar), 6.03-6.12 (IH, m, OCHzCTT^CHaHy), 5.48 (2H, d, 
711.2, 0CH2CH=CH776), 5.32 (IH, d, 711.2, OCHzCH^CT^Hy), 4.67 (2H, d, 75.3, 
OCH2 )', m/z (El) 162.1(30%, M^), 105.1(100, M - Oallyl).
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6. 2-Acetoxybenzaldehyde 249: 129
o o
o
K2 C0 3
DMF
246 254 249
The acetate 249 was obtained in the same way as compound 247 hom  adding 1.26g (12 
mmol) acetic anliydride 254 to the mixture of l.Og (8.2 mmol) salicylaldéhyde 246 and 1.7g 
(12.28 mmol) potassium carbonate in 10ml dimethylfoiinamide. The product was purified in
the same way to give the title compound 249 as colourless oil (0.43g, 32%); by (300MHz,
CDCI3) 10.10 (IH, s, CHO), 7.88 (IH, d, J7 .7 , Ar), 7.65 (IH, t, J7 .7 , Ar), 7.40 (IH, t, J
7.7, Ar), 6 .8 8  (IH, d, J l . l ,  Ar), 2.39 (3H, s, COCH3); be (75MHz, CDCI3) 191.3 (CO
aldehyde), 168.5 (CO ester), 145.1, 143.2, 141.1, 138.1, 137.5, 137.1 (Ai), 21.4 (COCH3).
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7. 4-Acetoxybeiizaldeliyde 258: 134
Experimental
257
O O
o
254
DMF
258
The acetate 258 was obtained in the same way as compound 247 by adding 1.26g (12 imnol) 
of acetic anliydride 254 into the mixtine of l.Og (8.2 mmol) /?-hydi‘oxybenzaldehyde 257 
and 1.7g (12.28 mmol) potassium carbonate in 20ml dimethylformamide. The product
purified in the same way to give the title compound 258 as colourless oil (1.05g, 78%); ôjj
(300MHz, CDCI3) 9.98 (IH, s, CHO), 7.86 (2H, d, J 8.5, Ar), 7.28 (2H, d, J 8.5, Ar), 2.32
(3H, s, COCH3); ÔC (75MHz, CDCI3) 191.3 (CO aldehyde), 168.5 (CO ester), 155.1, 133.2,
131,1, 1 2 2 .1  (Ar), 21.9 (COCH3).
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8. 2-(r<2r^-Butyl-dimethyl-silanyloxy)-benzaldehyde 250: 130
246
Si.
Cl
255
DMF
250
The compomid 250 was obtained in the same way as compound 247 hom  adding 1.85g (12 
mmol) of TBDMSCl 255 into the mixtiue of l.Og (8.2 mmol) salicylaldéhyde 246 and 1.7g 
(12.28 mmol) potassium carbonate in 20ml dimethylformamide. The compomid was
pmified in the same way to give the title compound 250 as colourless oil (1 .Og 52%); by 
(300MHz, CDCI3) 10.47 (IH, s, CHO), 7.81 (IH, d, J 7.8, Ai), 7.46 (IH, t, J 7.8, Ar), 7.03 
(IH, t, J 7.8, Ar), 6 .8 8  (IH, d, J 7.8, Ar), 1.02 (9H, s, C(CH3)3); 0.28 (6 H, s, Si(CH3)2); 6 c  
(75MHz, CDCI3): 190.5 (CO aldehyde), 159.2, 136.1, 130.2, 129.2, 127.5, 120.5 (Ar), 32.5, 
25.9, 18.6 (TBDMS).
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9. 2-benzyloxybenzoic acid-2-benzyloxybenzyl ester 260:
247
La{N(SiM 6 3)2)3,
260
To a solution of 0.25g (1.18 mmol) 2-benzyloxybeiizaldehyde 247 in 10ml dry 
dichloromethane was added 0.3ml (1.6M in pentane) stock solution of lanthanum amide 
catalyst and left stirring for 481iours under inert gas at room temperature. The crude product 
was exti'acted by washing the solution with 5ml water, then dried over anliydrous 
magnesium sulphate, filtered and the solvent evaporated under reduced pressure. The crude 
product was recrystallisation from a mixed solvent system [EtOAc: Lp(40-60°C), (1:5)] to 
give the title compound 260 as yellow crystals (0.175g, 70%); i^f0.21 [EtOAc-Lp (40-60°C)
(9:1)]; mp. <20°C; Vmax (nujol)/ciiT^ 3405 (Ar), 1724 (CO ester), 1243 (C-0 ester); 5h
(300MHz, CDCI3) 7.23-7.85 (14H, m, Ar), 6.90-7.05 (4H, m, Ar), 5.48 (2H, s, OCH2), 5.14
(2H, s, OCH2), 5.08 (2H, s, OCH2); 8 c  (75MHz, CDCI3) 166.0 (CO), 137.4, 137.0, 136.0,
133.7, 133.6, 132.2, 131.0, 130.0, 129.8, 129.5, 128.8, 128.1, 127.4, 125.0, 123.0, 121.0,
120.8, 114.1, 112.9, 112.1 (Ar), 71.6, 70.9, 70.2 (C-0); Found (El) 424.1788 [M^ "], 
C28H24O4 requires 424.1675; in/z (Cl) 424.1 (1%, M^), 422.1 (10, M-2H), 121.1 (40, 
PhCOOH), 91.2 (100, Bn), 77.2 (10, C A ) .
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10. 2-allyloxybenzoic acid-2-allyloxybenzyl ester 261: 128
La{N(SiMe3)2}3
248 261
111 the same way as for compomid 260 65mg (0.4 mmol) 2-allyloxybeiizaldliyde 248 and 
0.1ml (1.6M in pentane) of the catalyst solution in lOnil dry dichloromethane gave the title 
compound 261 as colourless oil (45nig, 69%); Vmax (nujol)/cm‘  ^3407 (Ar), 1741 (CO ester), 
1254 (C-O); ÔH (300MHz, CDCI3) 7.86 (IH, d, J7 .8 , Ai), 7.45 (2H, 111, Ar), 7.27 (IH, 111,
Ai), 6.86-6.99 (4H, 111, Ar), 6.01-6.07 (2H, 111, CH^CHz), 5.23-5.48 (4H, 111, CH=CH2), 4.77 
( 2H, s, OCH2), 4.58 (2 H, d, J 6.1, OCH2), 4.55 (2H, d, J 5.8, OCH2).
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11. (2-Metlioxyplienyl)->methanol 266:^ ^^
[La{N(SiMe3)2}3]^  ^
OMe
259 266
To a solution of 0.25 g (1.8 nunol) of 2-metlioxy benzaldeliyde 259 in 10ml dry 
dichloromethane was added 0.3ml (1.6M in pentane) stock solution of lanthanum amide 
catalyst 1 and left stining for 24 hours under inert gas at room temperature. The solution 
was washed with 5ml water and the organic phase was dried over anliydrous magnesium 
sulphate, filtered and the solvent evaporated under reduced pressiue. The crude product was 
purified by column clnomatography (SiOi, EtoAc: Lp (40-60°C) 1:1 to give the title
conipoimd 266 as colourless oil (60nig, 47%); ôjj (300MHz, CDCI3) 7.23-7.28 (2H, 111, Ai'),
6.84-6.97 (2H, 111, Ar), 4.68 (2H, s, CH2OH), 3.81 (3H, s, OCH3); ni/z (El) 138.1 (100%, 
M+), 123.1 (2 0 , M-CH3), 107.1 (40, M-OCH3), 91.1 (30, C7H7), 76.2 (10, Q H 5).
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12. (3-Metlioxyphenyl)“metlianol 279:^ ^^
o
La{N(SiMe3)2}3
In the same way as for compound 266, 0.3g (2.2 mmol) of 3-methoxy benzaldeliyde 276 and 
0.4ml solution (1.6M in pentane) of the catalyst 1 in 10ml of dry dichloromethane were left 
stirring for 24hoiu's under inert gas at room temperatm-e. The product pmified in the same
way to give compomid 279 as colourless oil (0.06g, 39%); 5h (300MHz, CDCI3) 7.33 (IH, 
t, J J .7 , Ar), 7.15 (IH, d, J 7.7, Ar), 7.01 (IH, s, Ar), 6.81 (IH, d, J 7.7, Ai), 4.61 (2H, s, 
CH2OH), 3.80 (3H. s, OCH3); mJz (El) 138.1 (100%, M 'l. 123.1 (30, M-Me), 107.1 (2 0 , M- 
OMe), 91.1 (30, C7H7), 76.2 (1 0 , QBLt).
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13. (2-Fliioropheiiyl)-methanol 271: 137
O
La{N(SiMe3)2}3 ^
271
In the same way as for compound 266, 0.2g (1.6 mmol) 2-fluorobenzaldehyde 267 and 
0.3ml solution (1.6M in pentane) of the catalyst 1 in 10ml of dry dichloromethane gave the
title compomid 271 as colourless oil (90mg, 89%); Vmax (iiujol)/cnT^ 3340 (broad OH); ôy
(300MHz, CDCI3) 6.83-7.33 (4H, 111, Ar), 4.63 (2H, s, CH2OH).
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14. (3-Fliioroplienyl)-methanol 277:
Expérimental
138
OH
La{N(SiMe3)2}s
111 the same way as for compound 266, 0.2g (1.6 nmiol) 3-fluoro benzaldeliyde 274 and 
0.3ml solution (1.6M in pentane) of the catalyst 1 in lOnil of dry dichloromethane gave the
title compound 277 as coloiuiess oil (70nig, 69%); by (300MHz, CDCI3) 7.26 (IH, t, 77.6,
Ar), 7.11 (IH, d, 77.6, Ar), 6.92 (IH, s, Ar), 6.89 (IH, d, 77.6, Ar), 4.61 (2H, s, CH2OH); 
ni/z (El) 126.1 (100%, M ^, 125.1 (50, M-H), 109.1 (20, M-OH), 95.1 (30, M-CH2OH),
77.1 (10, C6H5).
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15. (2-Nitrophenyl)-methanol 272:^ ^^
La{N(Silvl 6 3 )2 ) 3 OH
NO2
268 272 273
In the same way as for compound 266, 0.25g (1.7 mmol) 2-niti'o benzaldeliyde 268 and 
0.3ml solution (1.6M in pentane) of the catalyst 1 in 10ml of dry dichloromethane was left 
stining for 24 horns under inert gas at room temperature. The solution was washed with 5ml 
water and the organic phase was dried over anliydrous magnesium sulphate, filtered and the 
solvent evaporated under reduced pressure to give a mixtiue of products. The crude product 
was run tlu ough column clmomatography (SiOi) of chloroform: EtOAc (8 :2 ) to give the title
compomid 272 as a dark yellow solid (80nig, 63%); 0.76 [chloroform: EtOAc (8:2)]; ôy
(300MHz, CDCI3) 8.15 (IH, d, J 8.2, Ar), 7.65-7.76 (2H, m, Ar), 7.48 (IH, t, J 8.2, 4.98
(2H, s, CH2OH), 2.50 (IH, hr, CH2OH); ni/z (El) 154.1 (100%, M'"+ H), 136.1 (80, M - 
OH), 122.1 (10, M - CH2OH).
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16. [(2-Nitrobeiizyloxy)-(6-nitro-cyclohexa-l,3,4,5-tetraenyl)-methyl]-[l-(2- 
mtro-pheiiyl)-metli-(E)-ylidene]-amine 273 :
NO2
273
Following the previous procedure, colunm cluomatogiaphy gave the title compound 273 as
a yellow solid (70mg, 30%); 0.31 [chloroform: EtOAc (8 :2 )]; ôy (500MHz, CDCI3): 8.97
(IH, d, 7 2 .0 ,77C=N), 8.09 (IH, d, 78.1, Ar), 8.00 (IH, d, 78.1, Ai), 7.97 (IH, d, 77.8, Ar), 
7.88 (IH, d, 7  7.8, Ar), 7.82 (IH, d, 78.1, Ar), 7.74 (IH, d, 77.8, Ar), 7.66 (IH, t, 77.8, 
Ar), 7.59-7.62 (2 H, m, Ar), 7.54 (IH, t,77 .8 , Ai), 7.43 (IH, t, 78.1, Ar), 7.42 (IH, t, 78.1,
Ar), 7.07 (IH, d, 72.0, i 7 C(OCH2)N=C), 5.07 (2 H, s, OCH2 )', ôq (75MHz, CDCI3) 159.5
(C=N), 134.4, 134.1, 134.0, 133.5, 131.6, 130.3, 129.9, 129.3, 128.4, 127.6, 125.3, 124.8,
124.7 (Ar), 84.9 (C(OCH2)N=C), 61.9 (OCH2); m/z (El) 436 (5%, M^), 209 (40, M^- 
C(C6H4)N02), 195 (100,M^N=C(C6H4)N02).
* Due to the signal overlapping in the ^^C-NMR spectra, some of the aromatic peaks are not 
recorded.
* iTMgC-NMR spectra has supported the ^H-NMR and ^^C-NMR spectra analyses.
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17. (3-Nitrophenyl)-metlianol 278:^ "^ ®
o
L a { N ( S i M 0 3 ) 2 } 3
111 the same way as for compomid 266 0.25g (1.7 mmol) 3-iiitro benzaldeliyde 275 and 
0.3ml solution (1.6M in pentane) of the catalyst 1 in lOnil of dry dichloromethane was left 
stiiTing for 24homs under inert gas at room temperature. The crude product was extracted by 
washing the solution with 5ml water, then dried over anliydrous magnesium sulphate, 
filtered and the solvent evaporated under reduced pressure to give a mixture of products.
The cmde product was purified by colunm cln*omatogi*apliy (Si0 2 ) of chlorofomi: EtOAc 
(8:2) to give the title compound 278 as a dark yellow solid (70nig, 55%); 0.78
[chloroform: EtOAc (8:2)]; ôy (300MHz, CDCI3) 8.25 (IH, s, Ar), 8.14 (IH, d, 77.7, Ai*),
7.7 (IH, d, 77.7, Ar), 7.53 (IH, t, 77.7, Ar), 4.83 (2H, d, 75.2, CH2OH), 2.01 (IH, t, 75.2, 
CH2OH); m/z (El) 154.1 (100%, + H), 136.1 (80, M-OH).
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18. Benzylbenzoate 76:
Experimental
11
O
La{N{SilVle3)2}3
75 76
To a solution of 0.4g (3.8 mmol) benzaldeliyde 75 in 20ml dry dicliloronietliane was added 
0.6ml solution (1.6M in pentane) of lantlianiun amide catalyst 1 and the reaction was left to 
stir for 72 hours imder inert gas at room temperature. The mixture was treated with lOnil 
water and the organic phase separated, dried over magnesiimi sulphate, filtered and the 
solvent removed under vacuum, to give the title compound 76 as coloiuiess oil (0.36g,
90%); ÔH (300MHz, CDCI3) 7.96-7.98 (2H, m, Ar), 7.27-7.47 (8 H, m, Ar), 4.70 (2H, s,
CH2O); m/z (El) 212.2 (10%, IvT), 105.1 (100, M-C6H5CH2O), 77.1 (20, C A ) .
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19. 4-Acetoxy-benzoic acid 4-acetoxy-benzyl ester 280:
Experimental
La{N(SiMe3)2)3
258 260
To a solution of 0.4g (2.4 nunol) 4-acetoxybenzaldeliyde was added 0.4ml solution (1.6M in 
pentane) o f lanthanum amide catalyst 1 and the reaction was left to stir for 72 hours under 
inert gas at room temperatiue. The mixture was treated with 10ml water and the organic 
phase separated, dried over magnesium sulphate, filtered and the solvent removed under 
vacuum to give an inseparable mixture of the title compound 280 (1 2 %), 281 (31%) and 282
(16%) as a white solid; §h (300MHz, CDCI3) 7.79 (2H, d, J S A ,  Ar), 7.75 (2H, d, /8 .4 ,
Ar), 7.54 (2H, d, J8 .4 , Ar), 6.85 (2H, d, J8 .4 , Ar), 4.72 (2H, s, CH2O), 2.32 (3H, s, 
COCH3), 2.31 (3H, s, COCH3); m/z (El) 328.1 (2 0 %, M""), 285.0 (2 0 , M-COCH3), 165.2 
(60, M-[CH3C0 (C6H5)C0 ]) 149.1 (90, 165.2- O), 106.2 (1 0 0 , 149.1- COCH3).
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20. 4-Fluoro-benzoic acid 4-fluoro-benzyl ester 288:^ ^
Q o
La{N (S iM 6 3 )2 )3   ^
F
288
111 the same way as for the compomid 76, 0.5g (4.0 imiiol) 4-fluorobeiizaldehyde 284 and 
0.7ml solution (1.6M in pentane) of lanthanum amide catalyst 1 in 20ml dry 
dichloromethane was left to sir for 721ioms luider inert gas at room temperature. The crude 
product was purified in the same way to give the title compound 288 as a white powder
(0.13g, 26%); ÔH (300MHz, CDCI3) 7.85-7.88 (2H, m, Ar), 7.45-7.47 (2H, m, Ar), 6.61-
7 .1 1  (4H, m, Ai-), 4.51 (2H. s. CH2O); m/z (El) 248.2 (20%, M+), 229.2 (40. M-F), 210.2 
(30.M-2F), 123.1 (100, FC6H4CO).
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21. 4-Nitro-benzoic acid 4-iiitro-benzyl ester 289:
Experimental
141
O
285
O2N
289
In the same way as for the compound 76, 0.5g (3.3 mmol) of 4-nitrobenzaldehyde 285 and 
0.5ml solution (1.6M in pentane) of lanthanum amide catalyst 1 in 20ml dry 
dichloromethane was left stimng for 72hours at room temperature. The crude product was 
pmified in the same way to give the title compound 289 as a dark yellow powder (0.25g,
50%); ÔH (300MHz, CDCI3) 8.27-8.30 (4H, m, Ar), 8.25 (2H, d, J8 .5  Ar), 7.47 (2H, d, J
8.5, Ai), 4.78 (2H, s, CH2O); m/z (El) 301.2 (5%, IVT- H), 210.2 (100, M - 2 NO2), 180.1 
(40, M - C6H4NO2), 150.1 (60, NO2C6H4CO), 123.1 (70, C6H5NO2).
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22. 5-Allyloxy-5Jï-dibeiizo cycloliepteiie 327:
253
.0
327
Sodium hydride 0.14g (60% in mineral oil) (3.6 mmol) was added to a solution of 20ml light 
petroleum ether (40-60°C) and left stirrmg for hour before settling down. The LP (40- 
60°C) was removed and the pine sodium hydride was diied by flushing nitrogen tlnough the 
flask. 10ml dimethylfoiinamide was added to the flask followed by 0.5g (2.4 mmol) of 
dibenzosuberenol 326 and was stiiTed for 2 hours at room temperature. 0.35g (2.9 imnol) of 
allyl bromide 253 was added to the mixture and continued stimng for another 24hours at 
70°C. The reaction was left to attain room temperature and filtered. 30ml of chloroform was 
added to the solution followed by washing the solution with 10ml water. The organic phase 
was separated, dried over anliydrous magnesium sulphate, filtered and the solvent removed 
under reduced pressure. The crude product was recrystallised hom  diethylether to give the 
title compound 327 as a white crystalline solid (0.15g, 25%); Rf 0.61 [EtOAc-Lp (40-60°C) 
(9:1)]; mp. 44-45°C; Vmax (nujol)/cnT^ 3064 (C-H stretch Aromatic), 3015 (C-H stretch
Alkene), 2847 (C-H stretch alkanes), 1646 (C=C alkenes); ôjj (300MHz, CDCI3) 7.61-7,74
(2H, m, Ar), 7.27 -7.42 (4H, m, Ar), 7.26 (2H, d, 78.2, Ar), 7.1 (2H, s, ArCzHzAr), 5.93 -  
5.95 (IH, m, OCH2-Ci7=CH2), 5.41 (IH, s, i7C-0), 5.17 -  5.19 (2 H, m, 0 CH2-CH=C%),
4 .11 -4 .14  (2H, 111, 0 C%-CH=CH2); 5c (75MHz, CDCI3) 134.7, 131.2, 131.0, 128.4,
126.2, 125.9 (Ar), 122.6, 121.5, 116.5 (C=C), 72.3, 71.5 (C-O); Found (El) 248.1191 [M^], 
CisHiôG requires 248.1196; m/z (El) 248.1 (40%, M^), 207.1 (50, M - Allyl), 192.1 (98, M - 
OAllyl), 178.1 (100, M - HCOAllyl), CHN requires for CigHigO: C 87.06%, H 6.45%, 
Found: C 85.95%, H 6.38%.
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23. 5Jy-dibeiizo[fl,^/]cyclohepten-5-yl acetate 328;
328
To a solution of 0.5g (2.4 mmol) dibenzosuberenol 326 in 20ml dimethylformamide was 
added 0.09g (3.6 mmol) sodium hydride (purified in the same way as in the experiment 22). 
0.37g (3.6 mmol) acetic anliydride 254 was added to the mixture and left stirring for 48 
hours at 70®C. The solution was left to attain room temperature before adding 15ml aqueous 
HCl. 50ml of ethyl acetate was added to the solution and the mixture was washed with 30ml 
aqueous sodiiun hydrogen carbonate and 2ml brine. The organic layer dried over magnesium 
sulphate, filtered and the solvent removed under reduced pressure to give the title compound 
328 as a white powder (0.2g, 33%); 0.65 [EtOAc-Lp (40-60°C) (9:1)]; mp. 128-130°C;
(mijoiy cm-' 1728 (CO esta), 1374 (CH3 bend), 1249 (C-0); 5» (300MHz, CDCI3)
7.57 (2H, d, J7 .6 , Ar), 7.41 (2H, d, 77.6, Ar), 7.38 (2H, t, 77.6, Ar), 7.30 (2H, t, 77.6, Ar),
7.10 (2H , s, ArCzHzAr), 5.6 (IH, s, HC-O), 2.14 (3H , s, COCff,); 6 c  (75MHz, CDCI3)
175.4 (CO ester), 134.7, 131.2, 131.0, 128.4, 126.2, 122.6 (Ar), 116.5 (C=C), 70.5 (C-O),
21.4 (COCH3); m/z (El) 250.3 (25%, M*), 207.2 (25, JVC-Ac), 191.2 (95, M*- OAc), 179.2 
(100, IVT- C-OAc); CHN requires for C 17H 14O2 : C 81.58%, H 5.64%, Found: C 81.44%; H 
5.41%.
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24. JjCT-dibenzo [«,</]cyclohepten-S-yloxy-^-butyldimetliylsilaiie 329:
Cl
'Sk
255 329
To a solution of 0.5g (2.4 nunol) dibenzosuberenol 326 in 20ml dimethylformamide was 
added 0.41g (6.0 mmol) imidazole and 0.54g (3.6 mmol) TBDMSCl 255. The reaction was 
left stimng for 48hours at 35°C, before adding 30ml aqueous concentrated HCl. 20ml 
diethylether was added to the mixture, the organic layer was separated and washed with 
10ml water. The organic layer dried over magnesium sulphate, filtered, the solvent removed 
under reduced pressure and left under high pressure vacuum for 24hours to give the title 
compound 329 as a white powder (0.22g, 28%); Rf 0.72 [EtOAc-Lp (40-60°C) (9:1)]; mp. 
102-103°C; Vmax (nujoiy cm ' 3064 (Ar), 2951, 2925 & 2853 (stretch Alkanes), 1260 (C-O 
ether); 5h (300MHz, CDCI3) 7.78 (2H, d, J7 .8 , Ar), 7.39 (2H, t, J7 .8 , Ar), 7.27 (2H, d, J
7.8, Ar-), 7.20 (2H, t, J7 .8 , Ar), 7.11 (2H, s, ArCzHiAr), 5.12 (IH, s, HC-OTBDMS), 1.01 
(9H, s, C(CH3)3), 0 .0 1  (6 H, s, Si(CH3)2); 5c (75MHz, CDCI3) 141.7, 132.0, 131.1, 128.4,
127.3,125.9 (Ar), 122.6 (C=C), 71.8 (C-0), 26.9, 26.7, 10.6 (TBDMS); m/z (El) 322.2 (5%, 
M+), 265.1 (55, M- C4H9), 208.1 (30, M-TBDMS), 192.1 (100, M-OTBDMS); CHN 
requires for CziH^OSi: C 78.26%, H 8.07%, Found: C 77.09%, H 7.96%.
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25. 5-Benzyloxy-5^-dibenzo[fl,^/]cycloheptene 330:
252 330
To a solution of 0.5g (2.4 nunol) dibenzosuberenol 326 in 20ml of dimethylformamide was 
added 0.09g (3.6 mmol) pure sodium hydride (purified in the same way as in the experiment 
22), followed by the addition of 0.61 g (3.6 mmol) benzyl bromide 252. The reaction mixture 
was stiiTed for 48 hours at 70°C. The reaction left to attain room temperature and followed 
by the addition of 30ml of aqueous concentrated HCl. 50ml ethyl acetate was added to the 
solution and the organic layer was separated. The extracted organic phase was washed with 
20ml water, 10ml aqueous sodium hydrogen caihonate and 2ml brine. The organic phase 
was dried over magnesium sulphate, filtered, the solvent removed under high pressure 
vacuum for 24 hours to give the title compomid 330 as a white powder (0.35g, 49%); 0.36
[EtOAc;Lp (40-60“C) (9:1)]; mp. 69-71°C; (nujol)/ cm ' 1593.0 (Aromatic), 1301 (C-O
ether), 646 (Alkenes); 5h (300MHz, CDCI3) 8.22 (IH, d, 78.1, Ai), 8 .2 1  (IH, d, J8.1, Ai),
7.52-7.63 (6 H, m. Ar), 7.35-7.37 (5H, m, Ai), 7.10 (2H, s, A iC ^ A r) , 5.12 (IH. s, OCB),
4.56 (2H, s, OCHzPh); 8 c  (75MHz, CDCI3) 138.0,137.0, 135.2,132.7,132.0, 131.0, 130.5,
129.1,128.8, 128.1 (Ai), 122.6 (C=C), 75.1 (HCOBn), 72.4 (OCH^Ph); Found (El)
298.1353 [M''] CjzHisO requires 298.1352; m /z  (El) 298.4 (5%, M+), 206.6. (90, M - Bn). 
192.6 (70, M - OBn), 91.0 (100, Bn).
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26. [Bis-(2“formyl-phenyl)-metlioxy]-acetic acid 333:
Experimental
O
327
O3 , -78°C
— — ----------- ►Thiourea
HO
333
Ozone was bubbled thi'ougli a solution of 0.15g (0.6 mmol) allyl protected dibenzosuberenol 
327 in 10ml dry dichloromethane at -78°C imtil the colour of the solution turned light blue, 
as an indication of the reaction reaching completion. The solution left to reach room 
temperatiue and 0.05g (0.6 mmol) thiourea was added to the solution and kept stirring for 
another 24hoins at room temperature. The solution was washed with 5ml o f water and the 
organic phase was dried over anhydrous magnesium sulphate, filtered and the solvent 
removed under reduced pressure to give the title compound 333 as a white solid (0.13g, 
72%); Tif 0.73 [EtOAc-Lp (40-60“C) (9:1)]; mp. 108-110“C; v,„x (mijol)/ cm"' 3418 (OH), 
2925 (stretch alkanes), 1694 (CO aldehydes), 1598 (C-0), 1076 (C=0 acid); by (300MHz, 
CDCI3) 10.18 (2H, s, CHO), 7.42-7.70 (m, 8 H, Ai), 5.21 (IH, s, HCO), 4.28 (2H, s, OCH2); 
ÔC (75MHz, CDCI3) 200.1 (CO ester), 183.0 (CO acid), 141.3, 134.5, 134.4, 134.1, 129,
128.9 (Ar), 75.7 (OCH), 71.4 (OCH2); Found (El) 298.0833 [M""] C 17H 14O5 requires 
298.0836; m/z 298.3 (5%, IVO, 281.3 (5, M - OH), 239.2 (10, M - CH2COOH), 223.2 (1X)0, 
M - OCH2COOH), 194.1 (20, 223 - CHO), 166.1 (10, 194 - CHO).
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27. l-(Acetoxy)-!, V di-(2-formyl-phenyl)-metliane 334:
o
O3, -78°C 
M6 2S
328 O 334
Ozone was bubbled tlu*oiigh a solution of 0.15g (0.6 ininol) acetate protected 
dibenzosuberenol 328 in 10ml dry dichloromethane at -78®C until the colour of the solution 
turned light blue, as an indication of the reaction reaching completion. The solution left to 
reach room temperature and 0.037g (0.6 mmol) dimethylsulphide was added to the solution 
and kept stming for another 24hours at room temperatur e. The solution was washed with 
5ml water and the organic phase separated, dried over anliydrous magnesium sulphate, 
filtered and the solvent evaporated under reduced pressure. The crude solid was dissolved in 
10ml toluene and distilled to give the title compound 334 as a white solid (0.054g, 32%); Ri 
0.55 [EtOAc-Lp (40-60°C) (9:1)]; mp. llO -llT C ; Vmax (nujol)/ cm'^ 1741 (CO aldehyde), 
1694 (CO ester), 1599 (aromatic), 1229 (C-O ether); ôjj (300MHz, CDCI3) 10.27 (2H, s, 
CHO), 7.91 (2H, d, J7 .3 , Ar), 7.49-7.55 (4H, m, Ar), 7.34 (2H, d, J7 .4 , Ar), 5.12 (IH, s, 
HC-O), 2.13 (3H, s, COCH3); 6 c  (75MHz, CDCI3) 192.3 (CO aldehyde), 170.6 (CO ester), 
140.6, 133.9, 133.5, 133.0, 132.7, 128.9 (Ar), 69.6 (OCH), 2 1 .2  (COCH3); Found (Cl) 
223.0753 [M+], C15H 11O2 (lose the acetoxy group) requires 223.0759; m/z (Cl) 282.3 (1%, 
IVf"), 254.3 (5, M- CO), 239.2 (15, M- COCH3), 223.2 (100, M- OCOCH3), 194.2 (25, 223.2 
- CHO), 165.2 (10, 223.2 - 2CH0); CHN requires for C17H 14O4 : C 72.33%, H 5.00%, 
Found: C 70.21%, H 4.69%.
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28. 1 (Dimethyl, ^-butyl-silyloxy)-!, 1’ di-(2-formyI-phenyI )-methane 335:
o
335
Ozone was bubbled tlu'ougli a solution of 0.15g (0.47 mmol) silyl protected 
dibenzosuberenol 329 in 10ml dry dichloromethane at -78°C imtil the colour of the solution 
turned light blue, as an indication of the reaction reaching completion. The solution left to 
reach room temperature and 0.037g (0.6 nunol) dimethylsulphide was added to the solution 
and kept stirring for another 24hours at room temperature. The solution was washed with 
5ml water and the organic phase separated, diied over anliydrous magnesium sulphate, 
filtered and the solvent evaporated luider reduced pressure. The crude solid was left under 
high pressure vacuum for 24hours to give the title compound 335 as a white powder (0.15g, 
91%); i?f 0.35 [EtOAc-Lp (40-60°C) (9:1)]; mp. 67-68“C; v „^  (nujol)/ cm ' 2927 (alkanes), 
1695 (CO aldehyde), 1259 (C-0); 8 h  (300MHz, CDCI3) 10.4 (2H, s, CHO), 7.80 (2H, d, J  
7.7, Ar), 7.72 (2H, d, J7 .7 , Ai), 7.58 (2H, t, J l . l ,  Ar), 7.45(2H, t, J l . l ,  Ai), 5.12 (IH, s, 
HC-O), 0.88 (9H, s, SiC(CH3)3), 0.12 (6 H, s, Si(CH3)2); Sq (75MHz, CDCI3) 192.8 (CO 
aldehyde), 146.0,133.7,132.1,131.9,128.5, 127.8 (Ar), 66.0 (C-O), 25.8 (C(CH3)3), 21.1 
(SiC(CH3)3), 17.5 (Si(CH3)2); Found (Cl) 354.1611 [M+], CziHzoOsSi requires 354.1646; 
m/z (Cl) 354.0 (5%, h f ) ,  325.0 (10, M - CHO), 297.0 (80, M - C(CH3)3), 267.0 (45, M - 
CôHis), 251.0 (40, M - CeHijO), 193.0 (90, 251 - 58); CHN requires for CjiHjeOaSi: C 
71.19%, H 7.30%, Found C 69.25%, H 7.10%.
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29. l-(benzyloxy)-l, 1’ di-(2-formyl-phenyl)-methane 336:
o
330 336
In the same way as for compomid 335, 0.3g (1.0 mmol) of benzyl protected 
dibenzosuberenol 330 in 10ml diy dichloromethane was subjected to ozone. The ozonide 
solution was treated with 0.07g (1.2 mmol) dimethylsulphide and left stirrmg for another 
24hours at room temperature. The product was purified in tlie same way to give the title 
compomid 336 as a white powder (0.24g, 72%); 0.35 [EtOAc-Lp (40-60°C) (9:1)]; mp.
41-43°C; Vmax (nujol)/ ciiT  ^ 1695 (CO aldehyde), 1464 (aromatic); ôh (300MHz, CDCI3)
10.25 (2H, s, CHO), 7.99 (2H, d, /7 .5 , Ar), 7.32-7.69 (IIH , 111, Ar), 4.63 (IH, s, HC-OBii),
4.55 (2H, s, OCH2); ÔC (75MHz, CDCI3): 191.9 (CO aldehyde), 133.8, 133.1, 132.7, 131.9,
130.4, 129.6, 128.5, 128.4, 128.3, 128.1 (Ar), 71.9 (HC-OBn), 60.4 (OCH2); Found (El) 
330.1236 [M^], C22H 18O3 requires 330.1255; m/z (El) 330.4 (5%, M^), 239.3 (80, M - Bn),
223.3 (70, M - OBn), 91.0 (100, Bn).
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30. (2,2’“Diformyl-benzoplienone) 338:
o
0 3 . -78°C 
MG2S
338
111 the same way as for compomid 335, 0.5g (2.4 mmol) of dibeiizosiiberenoiie 337 in 20ml 
dry dicliloronietliane was subjected to ozone at -78°C imtil the colour of the solution turned 
blue. The ozonide solution was treated 0.22g (3.611111101) dimethyl sulphide and left stirring 
for 24hours at room temperature. The solution was washed with lOnil water and the organic 
phase was dried over magnesium sulphate, filtered and the solvent was removed under 
reduced pressure. The crude solid was recrystallised from ethyl acetate to give the title 
compound 338 as yellow crystalline solid (0.27g, 47%); i?f 0.41 [EtOAc-Lp (40-60°C)
(9:1)]; mp. 104-106°C; Vmax (nujol)/ ciiT  ^ 1780 (CO aldehyde), 1690 (CO ketone); Ôjj
(300MHz, CDCI3) 10.27 (2H, s, CHO), 8.01 (2H, d, /7 .6 , Ar), 7.71 (2H, t, J7 .6 , Ar), 7.70
(2H, t, J7 .4 , Ar), 7.42 (2H, d, J I A ,  Ar); 5c (75MHz, CDCI3) 200.1 (CO ketone), 192.0
(CO aldehyde), 140.1, 136.5, 133.0, 131.8, 130.4, 129.6 (Ar); Found (El) 239.0701 [M^ + 
H], C15H 11O3 requires 239.0703; m/z (El) 238.0 (70%, M^), 210.0 (65, M - CHO), 181.0 
(100, M - 2CH0); CHN requires for C15H 10O3 C 75.62%, H 4.23% Found C 73.91%, H 
3.98%.
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31. Acetic acid 5-oxo-7,12-diliydro-5jfir-6-oxa-dibeiizocycloocten-12-yl ester 
339:
La{N (Si 1^ 183)2 )3
O.
O
334 339
To a solution of 0.23g (0.8 mmol) dialdehyde 334 in 10ml dichloromethane was added 
0.1ml solution (1.6M in pentane) of the catalyst 1 and left stining under inert gas for 
72hours at room temperature. The mixture was washed with 5ml water and the organic 
phase separated, dried over magnesium sulphate, filtered and the solvent removed under 
vacuum. The cmde product was recrystallised hom  hexane to give the title compound 339 
as white crystals (0.151g, 67%); 0.41 [EtOAc-Lp (40-60®C) (9:1)]; mp. 94-96“C; Vmax
(nujol)/ cm'' 1766 (CO lactone), 1729 (CO ester), 1286, 1238 (C-0); 8 h  (500MHz, CDCU)
7.92 (IH, d, /7 .6 , Ar), 7.60 (IH, t, J1.6, Ar), 7.51 (IH, t, J7 .6 , At), 7.40 (IH, d, J7 .6 , At), 
7.28-7.30 (2H, m, Ar), 7.22 (IH, t, J1.6, Ar), 7.19 (IH, d ,77.6 , Ar). 6.71 (IH, s, HC-OAc),
5.32 (IH, d , J l l .9, C%CHsO), 5.25 (IH, d ,/ 1 1 .9, CHaCH^O), 2.05 (3H, s, COCTTj); 8 c
(125MHz, CDClj) 179.8,170.9 (CO ester), 156.5, 138.4, 135.5, 135.1, 133.9, 132.2, 129.9,
129.8, 129.7, 128.3, 126.5, 123.8 (Ar), 79.8 (CiïOAc), 64.2 (C % 0), 21.3 (COOTj); Found 
(El) 239.0706 [M+] (loosing acetate), C15H 11O3 requiies 239.0708; m/z (El) 282.2 (5%, M+),
267.2 (5, M - CH3), 239.2 (10, M - COCH3), 222.2 (85, M - OCOCH3), 194.2 (100, 222.2 - 
CO).
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32. 12-(^er^-Butyl-dimetliyl-silanyloxy)-7,12-dihydro-6“Oxa-dibenzo 
cycloocten-5-one 340:
La{N(SilVI 6 3 )2 )3  ^
335 340
To a solution of 0.15g (0.42 ininol) dialdehyde 335 in lOnil dry dichloromethane was added 
0.05ml stock solution (1.6 M in pentane) of the catalyst 1 in the same way as experiment 31. 
The product was purified in a same way to give the title compound 340 as a white solid 
(0.047g, 31%); lîfO.51 [EtOAc-Lp (40-60°C) (9:1)]; mp. 114-116°C; Vm.x (nujol)/ cm ' 2927
(alkanes), 1730 (CO lactone), 1270, 1218 (C-0); 5h (500MHz, CDCI3) 7.31-7.91(8H, m,
Ai), 5.53 (IH, s, iïC-OTBDMS), 4.63 (IH, d, J  13.8, Cf/jCHsO), 4.58 (IH, d, J  13.8,
CHAC%0), 0.88 (9H, s, SiC(C%)3), 0.12 (6 H, s, SiCCTfjjj); 8 c  (75MHz, CDCI3) 170.3
(CO), 139.6, 133.5,132.8, 132.3,132.2, 129.8,129.1,128.9, 128.7, 128.2,128.0,126.5 
(Ai), 84.1 (ffC-OTBDMS), 75.2 (OCH2), 41.5,25.9, 1.36 (TBDMS); Foimd (Cl) 354.1646 
[M*], CjiHaeOjSi requires 354.1651; m/z (El) 355.2 (2%, M+ -t H), 239.2 (40, M - TBDMS),
223.2 (5, M - OTBDMS), 149.1 (100, OC(C6H4)COO).
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33. Benzyl 5“OXO-7,12-dihydro-5H~6-oxa-dibenzocycIoocten-12~yI ether 341:
o
336 341
To a solution of 0.15g (0.45 nnnol) dialdehyde 336 in 10ml dry dichloromethane was added 
0.05ml stock solution (1.6M in pentane) of the catalyst 1 in the same way as in experiment 
31. The product was purified in a same way to give the title compound 341 as a white solid
(0.04g, 27%); v„,.x (nujol)/ cm'' 1699 (C=0 lactone), 1270 (C-0); 8 h  (300MHz, CDCI3)
7.19-7.30 (13H, m, Ar), 4.63 (IH, s, HC-OBn), 4.56 (2H, s, OCH2 ), 4.53 (2H, s. OC%); m/z 
(El) 329.4 (5%, M+- H). 239.3 (10, M - Bn), 223.2 (10, M - OBn).
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34. 7H-6-Oxa-dibenzocycloocteiie-5,12-dione 342:
o
338 342
To a solution of 0.2g (0.61 mmol) dialdehyde 338 in 10ml dichloromethane was added 
0.12ml solution (1.6M in pentane) of the catalyst 1 and left stining imder inert gas for 
72hours at room temperature. The solution washed with 5ml water and the organic layer was 
separated, dried over magnesiiun sulphate, filtered and the solvent removed mider vacuum. 
The crude solid was recrystallised fi*om chloroform to give the title compound 342 as yellow 
crystals (0.14g, 70%); 0.41 [EtOAc-Lp (40-60“C) (9:1)]; mp. 69-71°C; (nujol)/ cm '
1771 (CO lactone), 1699 (CO ketone); 5h (300MHz, CDCI3) 7.96 (2H, d, J7 .5 , Ai), 7.27- 
7.72 (4H, m, Ai), 6.97 (IH, d, J1.5, Ar), 6.94 (IH, d, 7  7.5, Ai), 5.48 (IH, d, J  12.8, 
CTTjCHbO), 5.33 (IH, d, J  12.8, CHaCH^O); 8 c  (75MHz, CDCI3) 183.1 (CO ketone), 169.9
(CO lactone), 142.5,136.9,134.8, 131.2,130.5,130.2, 129.5, 128.6, 125.3, 123.9,122.7,
121.4 (Ar), 72.6 (0C % ); Found (El) 238.0624 [M+], C15H 10O3 requires 238.0620; m/z (El)
238.2 (20%, M"), 210.2 (10, M - CO), 194.2 (100, M - CO2), 182.2 (5, M - CH2 OCO).
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35. 3^-Isobeiizofuran-l-oiie:^^
o
La{N (SiM 6 3 )2 )3
108
In the same way as for the compound 342 0.2g (1.5 mmol) of o-phthalaldehyde was 
dissolved in 10ml dichloromethane and subjected to the catalyst (5% molar) to give the title
compound 108 as brown crystals (0.17g, 85%); ôh (300MHz, CDCI3) 7.93 (IH, d, J7 .7 ,
Ar), 7.67 (IE , d, J l . l ,  Ar), 7.49-7.57 (2H, m, Ar), 5.33 (IH, s, OCH2); 6 c  (75MHz, CDCI3)
175.1 (CO lactone), 146.1, 134.1, 128.9, 125.6, 124.9, 122.3 (Ar), 65.1 (0C % ).
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36. Phthalic acid bis-(2-formyl-plieiiyl) ester 347:
Cl K?COa
DMF
To a solution of 1.5g (12 nunol) salicylaldéhyde 246 in 25ml dichloromethane was added 
2.5g (18 mmol) potassium carbonate followed by the addition of l.Og (5 mmol) phthaloyl 
dichloride 344 and left to stir for 12hours at room temperature. The solution was filtered and 
the filtrate solution was washed with 1 0 ml water and 5ml aqueous sodium hydrogen 
cai'bonate. The organic layer was dried over magnesium sulphate, filtered and the solvent 
removed under reduced pressure. The crude solid was recrystallised hom  toluene to give the 
title compoimd 347 as white needles (1.15g, 62%); mp. 99-101°C; Vmax (nujol)/ cnT* 1752
(CO ester), 1736 (CO aldehyde), 1253 (C-0); Ôh (300MHz, CDCLg): 10.20 (2H, s, CHO\
8.17 (2H, d, y 7.4, Ar), 7.84 (2H, d, J l . l ,  Ar), 7.78 (2H, t, J7 .4 , Ar), 7.65 (2H, t, J l . l ,  Ar),
7.44 (2H, t, 77.4, Ai* ), 7.35 (2H, d, 77.4, Ar); 5c (75MHz, CDCI3): 188.9 (CO aldehyde),
165.9 (CO ester), 151.7, 138.2, 135.8, 132.5, 131.2, 129.9, 128.4, 127.0, 123.6 (Ar); m/z (El)
374.1 (10%, IVT), 345.1 (10, M - CHO), 269.1(100, M - C6H4CHO); CHN requires for 
C22H 14O6 : C 70.59%, H 3.77%, Found C 69.91%, H 3.47%.
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37. Phthalic acid bis-(3-formyl-phenyI) ester 348:
Cl KoCO
Cl DCM
344 348
111 the same way as for compound 347 1.5g (12 mmol) of 3-hydroxybenzaldehyde 393, 2.5g 
(18 mmol) potassium carbonate and l.Og (5mmol) of o-phthaloyl dichloride 344 in 25ml 
dicliloromethane was left to stir for 12 horn* at room temperature. The compound was 
pmified in the same way to give the title compound 348 as white needles (0.9g, 49%); mp.
70-73°C; Vmax (nujol)/ cm'^ 1740 (CO ester), 1691 (CO aldehyde), 1264 (C-0 ester); 5h
(300MHz, CDCI3) 9.98 (2H, s, CHO), 8.01 (2 H, s, Ai), 7.71-7.79 (6 H, m, Ar), 7.51-7.57
(4H, 111, Ar); 8 c  (75MHz, CDCI3) 191.2 (CO aldehyde), 165.6 (CO ester), 151.4, 138.1,
132.3, 131.4, 130.5, 129.8, 127.8, 122.4 (Ar); m/z (El) 374.0 (5%, M^), 253.0 (100, M - 
OC6H4CHO), 225.1 (10, 253 - CHO); CHN requires for C22H 14O6 C 70.59%, H 3.77%, 
Found C 70.38%, H 3.47%.
* 1 signal missing in ^^C-NMR presumably due to signal overlap.
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38. Phthalic acid bis-(4-formyI phenyl) ester 349:
K2CO3
DCM
257 344
O
349
111 the same way as for compound 347 l.Og (5mmol) o-plitlialoyl dichloride 344, 1.5g (12 
mmol) 4-hydroxybenzaldehyde 257 and 2.5g (18 nnnol) potassium carbonate in 25ml of 
dichlorometliane was left to stir for 12hours at room temperatme. The compomid purified in 
the same way to give the title compoimd 349 as white needles (0.91 g, 49%); mp. 153-
155°C; Vmax (nujol)/ cm'* 1760 (CO ester), 1691 (CO aldehyde), 1207 (C-O); 5h (300MHz, 
CDCI3) 10.0 (2H, s, CHO), 8.02 (2H, d, J7 .7 , Ar), 7.94 (4H, d, J8 .4 , Ar), 7.75 (2H, t, J l . l ,  
Ar), 7.41 (4H, d, J8 .4 , Ar); 6 c  (75MHz, CDCI3) 191.1 (CO aldehyde), 165.2 (CO ester),
155.4, 134.5, 132.5, 131.5, 131.3, 129.9, 122.5 (Ar); m/z (El) 374.2 (2%, MT), 253.0 (100, 
M - OC6H4CHO), 1 2 1 .2  (10, OC6H4CHO); CHN requires for C22H 14O6 : C 70.59%, H 
3.77%, Fomid: C 69.98%, H 3.11%.
185
39. Isophthalic acid bis-(2-formylpheiiyl) ester 350:
Experimental
DCM
246 345 350
111 the same way as for compound 347 l.Og (5imiiol) iso-phthaloyl dichloride 345, 1.5g (12 
mmol) salicylaldéhyde 246 and 2.5g (18 mmol) potassium carbonate in 25ml 
dichloromethane was left to stir for 12hours at room temperature. The compound was 
purified in the same way to give the title compound 350 as white needles (0.9Ig, 49%); mp.
135-137°C; (nujol)/ cm ' 1746 (CO ester), 1698 (CO aldehyde). 1270 (C-0); 5h
(300MHz, CDCI3) 10.19 (2H, s, CHO), 9.08 (IH, s, Ai'), 8.53 (2H, d, /7 .8 , Ai), 7.96 (2H, t,
J7 .8 , Ar), 7.70-7.72 (3H, m, Ar), 7.49 (2H, t, /  8.1, Ar), 7.35 (2H, d, J8 .1 , Ar); 8 c
(75MHz, CDCI3) 188.7 (CO aldehyde), 164.1 (CO ester), 135.7,132.3,131.6, 129.6, 
127.0,125.3,123.7, 122.7, 121.4, 115.5 (Ai); m/z 374.2 (2 %, M''), 253.1 (100, M - 
0C6H4CH0),133.2 (10, M - 2 OC^HrCHO); CHN requires for C22H 14O6 : C 70.59%, H 
3.77%, Found C 70.17%. H 3.26%.
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40. Isophthalic acid bis-(3-formyIphenyI) ester 351:
Experimental
DCM
345 351
111 the same way as for compoimd 347 l.Og (5mmol) iso-phthaloyl dichloride 345, 1.5g (12 
nmiol) 3-hydroxybenzaldehyde 393 and 2.5g (18 mmol) potassium carbonate in 25ml of 
dichloromethane was left to stir for 12hours at room temperature. The compomid purified in 
the same way to give the title compoimd 351 as white needles (0.46g, 25%); mp. 99-101°C;
Vmax (nujol)/ ciiT^  1729 (CO ester), 1703 (CO aldehyde), 1210 (C-0); ôfj (300MHz, CDCI3)
10.05 (2H, s, CHO), 9.03 (IH, s, Ar), 8.50 (2H, d, J  7.8, Ar), 7.74 -7.85 (5H, ni, Ar), 7.64
(2H, t, J i n ,  Ar), 7.56 (2H, d, J7 .8 , Ar); ôc (75MHz, CDCI3) 191.3 (CO aldehyde), 164.1
(CO ester), 151.5, 138.1, 135.5, 132.1, 130.6, 130.1, 129.6, 128.0, 127.9, 122.49 (Ar); m/z 
(El) 374.3 (5%, 253.2 (100, M - OC6H4CHO), 104.3 (15, C6H4CO); CHN required for
C22H 14O6 C 70.59%, H 3.77%, Foimd C 70.01%, H 3.15%.
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41. Terephthalic acid bis-(2-formylphenyl) ester 353:
Experimental
246
Cl
DCM
346 353
111 the same way as for compoimd 347 l.Og (5mmol) tereplithaloyl dichloride 346, 1.5g (12 
mmol) salicylaldéhyde 246 and 2.5g (18 mmol) potassium carbonate in 25ml of 
dichloromethane was left to stir for 12 hours at room temperature. The compound was 
purified in the same way to give the title compoimd 353 as white needles (l.lg , 60%); mp.
146-148°C; v,„x (nujol)/ cm ' 1743 (CO ester), 1694 (CO aldehyde), 1262 (C-0); 5h
(300MHz, CDCI3) 10.18 (2H, s, CHO), 8.39 (4H, s, Ai), 7.98 (2H, d, J7 .7 , Ar), 7.72 (2H, t,
J l . l ,  Ai), 7.49 (2H, t, J7 .5 , Ar), 7.36 (2H, d, J7 .5 , Ai); 5c (75MHz, CDCI3) 188.7 (CO
aldehyde), 164.3 (CO ester), 151.7, 135.6, 133.7, 131.6, 130.8, 128.3, 127.0, 123.7 (Aij; m/z 
(El) 374.1 (35%, IvT), 345.1 (10, M - CHO), 269.1(100, M - C5H4CHO); CHN requires for 
C22H I4 O6 : C 70.59%, H 3.77%, Found: C 69.80%, H 3.38%.
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42. Terephthalic acid bis-(3-formyIphenyl) ester 354:
Cl
346
O KgCO^
DCM
Cl
354
111 the same way as for compoimd 347 l.Og (5mmol) tereplithaloyl dichloride 346, 1.5g (12 
mmol) 3-hydroxybenzaldehyde 393 and 2.5g (18 mmol) potassium carbonate in 25ml 
dichloromethane was left to stir for 12hoiirs at room temperature. The compound was 
purified in the same way to give the title compoimd 354 as white needles (l.Og, 54%); mp.
160-162°C; Vmax (nujol)/cm’' 1731 (CO ester), 1686 (CO aldehyde), 1282 (C-0); ôh 
(300MHz, CDCI3) 10.05 (2H, s, CHO), 8.36 (4H, s, Ai), 7.85 (2H, s, Ar). 7.81 (2H, d, J7 .7  
Ar), 7.65 (2H, t, J7 .7 , Ar), 7.55 (2H, d, J7 .7 , Ar); 5c (75MHz, CDCI3) 191.2 (CO 
aldehyde), 164.1 (CO ester), 151.5, 138.1, 133.8, 130.6, 130.5, 128.0, 127.9,122.4 (Ar); m/z 
(El) 374.2 (5%, M*), 253.1 (30, M - OC6H4CHO), 149.2 (100, M - OCOC6H4CO); CHN 
requires for C22H 14O6 : C 70.59%, H 3.77%, Found: C 69.89%, H 3.35%.
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43. l,4-bis-(4-formylphenyl)-phenyl ester 355:
DCM
257 346 355
111 the same way as for compomid 347 l.Og (5mmol) tereplithaloyl dichloride 346, 1.5g (12 
mmol) 4-hydioxybeiizaldehyde 257 and 2.5g (18 mmol) potassium carbonate in 25ml 
dichloromethane was left to stir for 12hours at room temperature. The compound was 
purified in the same way to give the title compound 355 as white needles (0.96g, 52%); mp.
153-156°C; v™, (nujol)/cin ' 1738 (CO ester). 1688 (CO aldehyde), 1278 (C-0); 8 h
(300MHz, CDClj): 10.05 (s, 2H, CHO). 8.37 (4H, s, Ar), 8.01 (4H, d, J8 .5 , Ar), 7.45 (4H,
d, J8 .5 , Ar); 8 c  (75MHz, C D C I3) 191.1 (CO aldehyde). 163.8 (CO ester), 155.5, 134.5,
133.8, 131.5,130.7,122.6 (Ai); m/z (El) 374.3 (2%. M+). 253.2 (100, M - O C 6H 4C H O ),
149.2 (10, M - O C O C sH jC O ), 104.3 (20, C 6H 4C O ); CHN requires for CiiHuOa: C 70.59%, 
H 3.77%, Found: C 70.03%, H 3.47%.
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44. 1,8-dibeiizyloxy aiithraquiiione 372:
OH O OH
KoCO,
BnBr, DMF
372
To a solution of 0.5g (2.1 mmol) 1,8-dihydroxyantliraqiiinone 371 in 20ml 
dimethylformamide was added 0.86g (6.3mmol) potassium carbonate and left stirring for % 
hour before 0.43g (2.5 mmol) benzyl bromide was added to the mixture and continued 
stining for another 12houi‘s at 70°C. The solution was left to attain room temperature and 
20ml chlorofomi was added. The solution was washed with 20ml water and the organic 
phase separated, dried over magnesium sulphate, filtered and the solvent removed under 
reduced pressure. The product was recrystallised from ethyl acetate to give the title 
compound 372 as yellow crystals (0.8g, 91%); i^f 0.71 [EtOAc-Lp (40-60“C) (9:1)]; mp.
203-206®C; Vmax (nujol)/ cm'^ 1667 (CO ketone), 1584 (C=C aromatic), 1242 (C-0); Ôjj
(300MHz, C D C I3) 7.86 (2H, d, J7 .6 , Ar), 7.59-7.64 (6 H, m, Ar), 7.32-7.39 (8 H, m, Ar),
5.33 (4H, s, OCH2PI1); ÔC (75MHz, CDCI3) 193.5 (CO ketone), 184.3 (CO ketone), 158.6,
136.9, 135.3, 134.1, 128.9, 128.1, 127.1, 125.3, 120.6, 119.8 (Ar), 71.5 (C-0); Found (Cl) 
420.1353 [M"], C28H20O4 requires 420.1356; m/z (Cl) 421.2 (100%, M'"+ H), 331.2 (15, M - 
Bn), 181.3 (2Bn).
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45. 1,5-dibenzyloxy anthraquinone 374:
O OH
K2CO3
BnBr, DMF
OH O
373 374
111 the same way as for compoimd 372 0.5g (2.1 mmol) 1,5-di liydroxyantliraquinone 373, 
0.43g (2.5 mmol) benzyl bromide and 0.86g (6.3 mmol) potassiimi carbonate in 20ml 
dimethylformamide was left to stir for 12hoins at 70°C. The compound was pmified in the 
same way to give the title compomid 374 as yellow crystals (0.73g, 83%); mp. 185-186”C;
Vmax (nujol)/ cm"  ^ 1672 (CO ketone), 1580 (C=C aiomatic), 1260 (C-0); ôh (300MHz,
CDCI3) 7.94 (2 H, d, J7 .4 , Ar), 7.59-7.64 (6 H, 111, Ar), 7.27-7.45 (8 H, m, Ar), 5.33 (4H, s,
OC%Ph); ÔC (75MHz, CD CI3) 182.8 (CO ketone), 159.0, 137.9, 136.6, 135.2, 129.0, 128.3,
127.1, 121.8, 120.5, 118.9 (Ar), 71.4 (C % 0); m/z (El) 420 (10%, IVT), 330 (20, M - Bn), 
240 (80, ]VC - 2Bii), 120 (100, Bn); CHN requires for C28H20O4 : C 79.98%, H 4.79%, Found: 
C 79.70%, H 4.48%.
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46. l,8-Diliydroxy~3-liydroxymethyl-anthraqumone 192: 142
OH O OH
OH
HO,
HO
HOOff
Toluene
OH OH
OH
O
201 192
To a solution of 80g (20% purity) (38.2 nunol) aloin A 201 in 500ml water was added 80g 
FeCls and was left to stir at room temperature for V^  hour. The solution was left stirring for 
25 hours under reflux. The solution was cooled down to room temperature and a dark brown 
solid was filtered and dried imder vacuum. The dark brown solid was extracted with 100ml 
boiling toluene and the extraction repeated tluee times. The combined organic extract was 
filtered and the solution was left to cool down to give the title compound 192 as orange
crystals (4.0g, 39%); Vmax (niyol)/ cm'^ 3412.0 (OH), 1626 (CO ketone), 1290 (C-0); Ôy
(500MHz, CDCI3): 12.0 (IH, s, OH), 11.94 (IH, s, OH), 7.8 (IH, t, J7 .4 , Ar), 7.76 (IH, d, J  
7.6, Ar), 7.73 (IH, s, Ai), 7.41 (IH, d, J7 .6 , Ar), 7.32 (IH, s, Ar), 4.65 (2H, s, C%OH).
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47. Acetic acid 4,5-dihydroxy-10-oxo-9,10-diliydro-anthracen-2“yImethyl ester 
363:
OH OH OH OH
HOI. AcOH_
193192
OH O OH
363
To a solution of 0.8g (2.96 mmol) aloe-emodin 192 in a mixture of 6 ml of concentrated HCl 
and 24ml of acetic acid was added l . lg  (5.92 mmol) tin chloride and was heated to 120°C 
for 1 hour. The reaction was cooled to room temperature, 50ml of water was added to the 
mixtiue and an orange solid precipitated. The solid precipitate was filtered and dried to 
recover 0.72g of a mixture of products. The product 363 was purified by column 
clii'omatography (SiOa) of diethylether: Lp (40-60°C) 1 :1  to give the title compound 363 as 
an orange solid (0.18g, 20%); & 0.8  [Ether-Lp (40-60°C) (1:1)]; mp.95-98°C; Vmax (nujol)/
cm ' 1667 (CO ketone), 1584 (C=C aromatic), 1242 (C-O); Ôh (300MHz, CDCI3) 12.29 
(IH, s, OH), 12.28 (IH, s, OH), 7.48 (IH, t, J7 .4 , Ai), 6.80-6.90 (4H, m, Ai), 4.73 (2H, s, 
A1 -CH2-A1 ), 4.34 (2 H, s, CH2COOCH3), 2.16 (3H, s, COCH3); ôc (125MHz, CDCI3) 193.8 
(CO ketone), 170.8 (CO ester), 150.3, 145.9,142.4,142.0, 136.1,135.4, 125.1, 121.6,118.8, 
116.5, 115.7, 113.1 (Ar), 65.3 (CH2 O), 32.9 (ArCHzAr), 22.34 (COC%); Found (Cl) 
299.0918 C17H 15O5 requires 299.0914; m/z (El) 299.1 (80%, M*), 255.1 (20, M*-
COCH3), 241.1 (100, M "-C H 2COCH3).
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48. Chrysophanol 193: 143
OH O OH
SnClg, HCl 
AcOH
OH O OH
Following the previous procedure, colunm cliromatogiapliy gave the title compound 193 as 
an orange solid (0.19g, 25%); 0.36 [Ether-Lp (40-60°C) (1:1)]; ôg (300MHz, CDCI3):
12.11 (IH, s, Ai-OH), 12.00 (IH, s, ArOH), 7.81 (IH, s, Ar), 7.64-7.67 (2H, m, Ar), 7.28 
(IH, d, J  8,5, Ar), 7.09 (IH, s, Ar), 2.46 (3H, s, A1CH3); 5 c  (75MHz, C D C I3) 199.5 (CO),
193.1 (CO), 163.0, 162.7, 140.7, 138.6, 137.3, 135.4, 124.8, 124.7, 122.1, 121.7, 121.0,
1 2 0 .2  (Ar), 30.1 (A1CH3).
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49. (9R,9 ’R)-4,5,4 ’ ,5 ’-T etr aliy droxy-2,2 ' -bis-liy droxy methyl-9jfiT,9 ’ Jï-
[9,9^]bianthracenyl-1040’-dione 370:
OH OH
Pd/0-
NaOH, HCl
OHOH
OH
OH
OHOH
363 370
To a solution of 0.05g (0.15 mmol) antloi'one 363 in 30ml aqueous sodium hydroxide was 
added 25mg of Pd on charcoal. Oxygen was bubbled thimigh the solution for 2 hour at room 
temperature. 10ml hydrochloric acid (3M) was added to the solution and the crude product 
was precipitated. The crude solid filtered and dried to give the title compound 370 as an
orange solid (0.03g 78%); (500MHz, CD CI3): 7.81 (2 H, d, J7 .4 , Ai'), 7.64-7.69 (4H, m,
Ar), 7.28 (2H, d, 78.4, Ar), 7.09 (2H, s, Ar), 4.81 (2H, s, ArCHCHAr), 4.46 (2H, % 0 H ) ;
ÔC (125MHz, C D C I3) 193.2 (CO), 162.5, 150.1, 137.8, 133.9, 124.6, 124.3, 121.2, 1 2 1 .1 ,
119.9, 118.1, 117.8, 116.5 (Ar), 78.1 (C-0), 63.1 (ArCHCHAi); m/z (Cl) 511.4 (100%, M^
+ H), 477.4 (10, M - 20H), 420.3 (50, 477 - CO), 390.3 (477 - COC6H4OH), 120.2 (5, 
COC6H4OH).
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50. Benzyl-[l“/;-tolyl-meth-(E)-ylidene]-amine 357:
283 356 357
To a solution of 0.5g (4.2 mmol) tolualdeliyde in 30ml dichloromethane was added 0.45g 
(4.2 mmol) benzylamine. 0.5g potassium carbonate was added to the solution and left 
stirring for 20 horns at room temperature. 20ml water was added to the solution mixture and 
the organic phase separated, dried over magnesium sulphate, filtered and the solvent 
removed under reduced pressure to give the title compound 357 as colourless oil (0.83g,
95%); ÔH (300MHz, C D C I3): 8.39 (IH, s, HC=N), 7.72 (2H, d, 77.9, Ar), 7.29-7.39 (5H,
m, Ai), 7.25 (2H, d, 77.9, Ai), 4.85 (2H, s, CHgN), 2.42 (3H, s, CH3(C6H4)); 6c (75MHz,
C D C I3): 162.0 (C = N ), 141.1, 139.6, 135.1, 129.4, 129.6, 128.4, 128.0, 127.0 (Ai), 65.1 
(C H 2N ), 21.6 (CH3(C6H4)); Found (Cl) 209.1189 [M^], C15H15Nrequires 209.1199; m/z 
(Cl) 209.2 (30%, M^), 208.2 (100, M - H), 194.2 (30, M - CH3), 130.2 (10, M - Ph).
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51, (iiî,2i?)-l,2“diarainocyclohexane 359:
NHz H
NHg
OH NaOH
H CHCI3 CC
COOH
358 360 359
NH2
To a solution of 13.14g (87.57 ininol) Z-(+)-Tartaric acid in 100ml water was added 10ml 
(87.57 mmol) Tmns-1,2 diaminocyclohexane. The mixture was heated m a steam bath for
0.5 hour, and then cooled in an ice bath. The £-(+)-tartaric acid salt (10.65g) precipitated as 
white gi anules, [a]^^D +13® (c 0.40, H2O, 2-dm). Decomposition of the salt with sodium 
hydroxide gave (7jR,2i2)-diaminocyclohexane, which was extracted in chlorofomi. The 
solvent was evaporated under vacuum to give the title compound 359 as white crystalline 
needles.
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52. Isophthalic acid l-{3-[((Z)-(lR,2R)-2-{[l-[3-(isophthalic acid)-phenyl
ester]-meth-(E)-yIidene]-ammo}-cycIohexyIimino)-methyI]-pheiiyl} ester 3- 
{3-[((E)-(lR,2R)-2-{[l-(3-phenyI ester)-meth-(Z)-ylidene]-amino}- 
cycIohexylimino)-methyI]-phenyl} ester 361:
a
^NHa
NHz
351 359 361
To a solution of O.lOg (0.27 mmol) dialdehyde 351 in 5ml chloroform in an NMR tube was 
added 0.03g (0.27 mmol) (fi?,2i?)-l,2-dianiinocyclohexane 359. The mixture left for one 
week and tested by *H-NMR and showed that the major product is a 2:2 dialdehyde:diamine
macrocycle 361; ôr (500MHz, CD CI3): 8.95 (2H, s, Ar), 8.40 (4H, d, J7 .8 , Ar), 8.39 (4H, s,
N =07), 7.51-7.65 (lOH, m, Ar), 7.43 (4H, t, J7 .7 , Ar), 7.25 (4H, d, J l . l ,  Ar), 2.77-2.84
(4H, m, N-CH), 1.57-1.78 (16H, m, CH2); 5c (75MHz, CD CI3): 164.3 (C=N), 159.9 (CO
ester), 151.5, 139.2, 133.3, 131.9, 130.3, 129.9, 129.3, 128.6, 124.9, 120.9 (Ar), 57.8 (N- 
Œ ) , 35.8, 33.7 ( % ) ;  (FAB) 905.0 (2%, 806.0 (5%), 697.0 (5%), 561.0 (15%),
453.0 (100).
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53. Terephthalic acid l-{4-[((E)-(lR,2R)-2-{[l-[4-(terephthalic acid)-phenyl
ester]-meth-(E)-ylidene]-amino}-cyclohexylimino)-methyI]-phenyI} ester 4- 
{4-[((E)-(lR,2R)-2-{[l-(4-phenyl ester)~meth-(E)-yIidene]-amino}- 
cyclohexyIimino)-methyI]-phenyl} ester 362:
— o
rr NHg
'mz
359
355 362
111 the same as for compoimd 361 the dialdehyde 355 was mixed with the {1R,2R)-1,2-
diaminocyclohexaiie 359 to give the title compoimd 362 as the major product; 5h  (300MHz,
CDCI3): 8.28 (8 H, s, Ar), 8.22 (4H, s, N=CH), 7.68 (8 H, d, J8 .4 , Ar), 7.20 (8 H, d ,/8 .4 ,
Ar), 3.43 (4H, hr, N-CH), 1.85 (16H, hr, CH2); ôc (75MHz, CDCI3): 164.0 (C=N), 162.8
(CO ester), 151.3, 132.5, 129.8, 126.5, 125.8, 122.1 (Ai), 61.1 (HC-N), 32.8, 30.7 (CH2); 
(FAB) 905.0 (5%, M ^, 561.2 (80), 453.0 (100).
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54. Benzil 379; 1 4 4
H La{N(SiMe3)2)3
To a solution of 0.4g (1.9 nunol) benzoin 378 in 15ml dry dichloromethane was added 0.28g 
(1.9 mmol) 4-nitrobenzaldehyde. The solution mixtiue was subjected to 0.15ml solution 
(1.6M in pentane) of the catalyst 1 and left stirring for 20 hours under inert gas at room 
temperature. The solution filtered, and treated with 5ml water. The organic phase dried over 
magnesium sulphate filtered and the solvent removed under reduced pressure. The 
compound recrystallised over diethyl ether to give the title compound 379 as yellow crystals
(0.08g, 20%); ÔH (300MHz, C D CI3): 7.98 (4H, d, J7 .4 , Ar), 7.67 (2H, t, J7 .4 , Ar), 7.52 
(4H, t, J7 .4 , Ar); ôc (75MHz, CD CI3): 195.1 (CO), 135.1, 133.1, 130.1, 129.2 (Ai).
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55. 5-Acetoxymethyl-fiiran-2-carboxylic acid 5-acetoxymethyl-furan-2- 
ylmetliyl ester 390:^ ®
La{N(SiMeg)2}3
381 390
To a solution o f  0.16g (0.95 mmol) 5-acetoxymethyl-2-furaldehyde 381 in 10ml dry 
dichloromethane was added 0.1ml stock solution (1.6M  in pentane) o f  the catalyst 1 and left 
stiiTing for one week at room temperature. The mixture treated with 5ml water and the 
organic phase separated, diied over magnesium sulphate, filtered and the solvent removed 
under vacuum to give the title compound 390 as coloruless oil (0.05g, 31%); Vmax (nujol)/
cm'' 1679 (CO ester), 1242 (C-0); 5h (300MHz, CDCI3): 6.83 (IH, s, Ar), 6.51 (IH, s, Ar),
6.34 (IH, s, Ar), 6 .2 2  (IH, s, Ar), 5.10 (2 H, s, OCH2), 5.05 (2 H, s, OCH2), 5.00 (2H, s, 
OCH2).
202
Expérimental
56. Thiophene-2-carboxylic acid thioplien-2-ylmethyl ester 391
%  La{N(SiMe3)p}3^
382 391
111 the same way as for the experiment 55, the aldehyde 382 (0.4g, 3.6 mmol) in 15ml dry 
dichloromethane was subjected to 0.4ml of the stock solution (1.6 M in pentane) of the 
catalyst 1 and left stimng for one week at room temperature. The mixture treated with 5ml 
water and the organic phase separated, dried over magnesiiun sulphate, filtered and the 
solvent removed under vacuum to give a mixture of the starting material 382 (80%) and the 
product 391 (20%) as analysed by ^H-NMR spectroscopy; Vmax (nujol)/ cnT  ^ 1742 (CO 
ester), 1280 (C-0); by (300MHz, CD C I3): 7.45-7.55 (2H, m, Ar), 7.00-7.15 (4H, m, Ar), 
4.84 (2 H, s, OCH2).
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57. 9jfiT-Fluorene-2-carboxylic acid 9^-fluoreii-2-ylmethyl ester 392:
La{N(SiM 8 3 )2)3 ^
386 392
111 the same way as for the experiment 55, the aldehyde 386 (0.14g, 0.72 nmiol) in 10ml dry 
dichloromethane was subjected 0.08ml of the stock solution (1.6M in pentane) of the 
catalyst 1 and left stimng for one week at room temperatine. The mixture treated with 5ml 
water and the organic phase separated, dried over magnesium sulphate, filtered and the 
solvent removed under vacuum to give a mixtine of the starting material 386 (90%) and the 
product 392 (10%) as analysed by ^H-NMR spectroscopy; Vmax (nujol)/ cm'^ 1692 (CO 
ester), 1249 (C-O); by (300MHz, CD CI3): 7.55-7.80 (6 H, m, Ai), 7.34-7.43 (8 H, m, Ai), 
4,76 (2 H, s, OCH2), 3.91 (2 H, s, CHg), 3.89 (2 H, s, CH2).
204
REFERENCES
References:
1. J. G. Bunzli andD. Wessner, Coord. Chem. Rev. 1984, 60, 191-253.
2. D. Parker and J. A. G. Williams, J. Chem. Soc. Dalton Trans. 1996, 3613-3628.
3. D. Baudiy, A. Dormond, F. Dmis, J. Bernard and J. R. Desmms, J. Fin. Chem. 
2003,121, 233-238.
4. P.G. Sammes and G. Yaliioglu, Nat. Prod. Rep. 1996,13, 1-28.
5. S. Aime, M. Botta, M. Fasano and E. Terreno, Chem. Soc. Rev. 1998, 27, 19-29.
6 . S. Aime, M. Botta and S. G. Crich, J. Chem. Soc, Chem. Commun. 1995, 1885- 
1886.
7. Z. R. Reeves, K. L. V, Mann and J. C. Jeffery, J. Chem. Soc. Dalton Trans. 1999,
349-355.
8 . G. D. Daves andH. C. Zhang, J. Organomet. Chem. 1993,12, 1499-1507.
9. S. Kobayashi and I. Hachiya, J. Org. Chem. 1994, 59, 3590-3596.
10. A. K. Saha, K. Ki'oss, J. Am. Chem. Soc. 1993,115, 11032- 11033.
11. M. R. Burgestein, H. Berberich, and P. W. Roesky, AngeM>. Chem. Int. Ed. Engl.
1998, 37, 1569-1571; M. R. Buigestein, H. Berberich and P. W. Roesky, Chem. 
Eur. J. 2001,14, 3078-3085.
12. W. DeW. HoiTocks Jr. and D. R. Sudnick, Acc. Chem. Res. 1981,14, 384-392.
13. F. S. Richardson, Chem. Rev. 1982, 82, 541-552.
14. J. M. Couchet, J. Azema, P. Tisnes and C. Picard, Inorg. Chem. Comm. 2003, 6 , 
978-981.
15. J. M. Couchet, C. Galaup, P. Tisnes and C. Picard, Tetrahedron Lett. 2003, 44, 
4869-4872.
16. D. Jayaprakash, Y. Kobayashi, S. Watanabe, T. Arai and H. Sasai, Tetrahedron: 
Asymmetry 2003,14, 1587-1592.
17. S. Delmen, M. Biugstein and P. W. Roesky, J. Chem. Soc. Dalton Trans. 1998, 
2425-2429.
18. M. R. Buigstein, H. Berbrich, and P. W. Roesky, Organometallics 1998,17, 
1452-1454.
205
19. P. D. Beer, M. G. D. Drew, M. Kan, P. B. Leeson, M, I. Ogden and G. Williams, 
Inorg. Chem. 1996, 35, 2202-2211.
20. W. Magmiis, J. Craig, A. Gardner, F. Fucassi, P. J. Cragg, N. Robertson, S. 
Parsons and Z. Pikramenou, Polyhedron 2003, 22, 745-754.
21. J. Zhang, W. Zliang, Q. Luo and Y. Mei, Polyhedron 1999,18, 3637-3642; X.
Hu, Y. Li, Q. Luo, Polyhedron 2004, 23, 49-53.
22. J. Azema, C. Galaup, C. Picard, P. Tisnes, P. Ramos, O. Juanes, J. Carlos, R. Ubis 
and E. Brunet, Tetrahedron 2000, 56, 2673-2681; A. Dossing, H. Toftlimd, A. 
Hazell, J. Boiuassa and P. C. Ford, J. Chem. Soc. Dalton Trans. 1997, 335-339.
23. V. P.-Krzyminiewska and W. R.-Paryzek, J. All. <& Coinp. 1998, 275-277, 822- 
826.
24. W. R.-Paryzek, J. All. & Comp. 2001, 323-324, 173-176.
25. V. Patroniak and W. R-Paryzak, Material Set. & Eng. 2001, C18, 113-116.
26. C. Piguet, C. Edder, H. Nozary, F. Renaud, S. Regault and J. Bimzli, J. All. & 
Comp. 1999, 303-304, 94-103.
27. V. M. Airedondo, F. E. McDonald, and T. J. Marks, J. Am. Chem. Soc. 1998,120, 
4871-4872; P. O. O’Shauglmessy and P. Scott, Tetrahedron: Asymmetry 2003,14, 
1979-1983; Y. K. Kim, T. Livingliouse and J. E. Bercaw, Tetrahedron Lett. 2001, 
42, 2933-2935.
28. M. R. Gague and T. J. Marks, J. Am. Chem. Soc. 1989, 111, 4108-4109.
29. K. N. Harison and T. J. Marks, J. Am. Chem. Soc. 1992,114, 9220-9221.
30. K. Takaki, M. Takeda, G. Koshoji, T. Shishido and K. Takehira, Tetrahedron 
Lett. 2001, 6357-6360.
31. G. A. Molander and P. J. Nichols, J. Am. Chem. Soc. 1995,117, 4415-4416.
32. D. Jayaprakash, Y, Kobayashi, S. Watanabe, T. Arai and H. Sasai, Tetrahedron 
AsymmetiylOOZ, 14, 1587-1592.
33. Y. Li, and T. J. Marks, J. Am. Chem. Soc. 1998,120, 1757-1771.
34. V. E. Tishchenlco, J. Russ. Chem. Soc. 1906, 38, 355-482.
35. D. C. Bradley, J. S. Chotra, and F. A. Hart, J. Chem. Soc. Dalton Trans. 1973, 
1021-1023.
206
36. S. Zhou, S. W. Wang, G. Yang, X. Liu, E. Sheng, K. Zhamg, L. Cheng, Z. Huang, 
Polyhedron 2003, 22, 1019-1024.
37. H. Shimomui'a, Y. Sashida, and K. Yoshinari, Phytochem. 1989, 28, 5, 1499- 
1502.
38. N. N. Ezhova, G. A. Korneeva, E. V. Slivinsky and R. A. Aronovich, Russ. Chem. 
Bull. 1995, 44, 69-73; R. A. Bunce and A. J. Shellhamnier, Org. Prep. & Pro. Int. 
1987,19, (2-3), 161-166; C. M. Mascarenlias, M. O. Duffey, S. Y. Liu and J. P. 
Morken, Org. Lett. 1999,1, 1427-1429; C. B. Deacon, A. Gitlits, P. W. Roesky, 
M. R. Buigestein, K. C. Lim, B. W. Skelton and A. H. Wliite, Chem. Eur. J. 2001, 
7, 127-138; G. L. Lange and M. G. Organ, Synlett 1991, 9, 665-667; H. Akita, K. 
Uchida and C. Y. Chen, Heterocycles 1997, 46, 87-90.
39. Y. Ogata and A. Kawasaki, Tetrahedron 1969, 25, 929-935.
40. S. Slihakawa, J. Takai, K. Sasaki, T. Miui’a, K. Maruoka, Heterocycles 2003, 59, 
57-61; F. J. Villani and F. F. Nord, J. Am. Chem. Soc. 1947, 69,2608-2612.
41. F. J. Villani and F. F. Nord, J. Am. Chem. Soc. 1947, 69, 2605-2607.
42. K. Mamoka, Cat. Today 2001, 6 6 , 33-45.
43. I. Simpiua and V. Nevalainen, Tetrahedron 2001, 57, 9867-9872.
44. T. Ooi, K. Ohinatsu, K. Sasaki, T. Miura and K. Marouka, Tetrahedron Lett. 
2003,44,3191-3193.
45. H. Kabashima, H. Tsuji, S. Nakata, Y. Tanaka and H. Hattori, Appl. Cat. A 2000, 
194-195, 227-240.
46. M. Massoui, D. Beaupere, L. Nadjo and R. Uzan, J. Organomet. Chem. 1983,
259, 345-353.
47. T. Ito, H. Horino, Y. Koshiro and A. Yamamoto, Bull. Chem. Soc. Jpn. 1982, 55, 
504-512; K. Nomura, H. Ogiua and Y. Imanislii, J. Mol. Cat. A 2001,166, 345- 
349.
48. S. Murahaslii, T. Naota, K. Ito, Y. Maeda and H. Taki, J. Org. Chem. 1987, 52, 
4319-4327.
49. K. Yokoo, N. Mine, H. Taniguclii and Y. Fujiwara, J. Organomet. Chem. 1985, 
279, C19-C21.
50. K.-I. Morita, Y. Nisliiyama, and Y. Ishii, Organometallics 1993,12, 3748-3752.
207
51. M. Yamashita and T. Oliislii, App. Organomet Chem. 1993, 7, 357-361.
52. F. Le Bideau, T. Coradin, D. Gomier, J. Heniqiie and E. Samuel, Tetrahedron 
Lett. 2000, 41, 5215-5218.
53. T. Ooi, T. Mima, K. Takaya, K. Maruoka, Tetrahedron Lett. 1999, 40, 7695- 
7698.
54. S. Onzawa, T. Sakalaua, M. Tanaka, and M. Shiro, Tetrahedron 1996, 52, 4291- 
4302.
55. S. Choi, E. Yashima, Y. Okamoto, Polymer J. 1997, 29, 261-268.
56. E. Choi, E. Yashima and Y. Okamoto, Enantiomer 1997, 2, 105-112.
57. Y. Noma, Y. Okajima, A. Takahashi and Y. Asakawa, Phytochem. 1991, 30, 
2969-2972.
58. G. K. Finch, J. Org. Chem. 1960, 25, 2219-2220.
59. J. Kagan, Tetrahedron Lett. 1966, 49, 6097-6102.
60. T. Seki, H. Tachikaw, T. Yamada and H. Hattori, J. Cat. 2003, 217, 117-126.
61. T. Seki, H. Kabashima, K. Akutsu, H. Tacliikawa and H. Hattori, J. Cat. 2001,
204, 393-401.
62. D. A. Evans and A. H. Hoveyda, J. Am. Chem. Soc. 1990,112, 6447-6449; C. M. 
Mascarenlias, S. P. Miller, P. S. Wliite and J. P. Morken, Angew. Chem. Int. Ed. 
2001,40, 601-603.
63. A. B. Smith, D. Lee, C. M. Adams and M. C. Kozlowski, Org. Lett. 2002, 25, 
4539-4541.
64. C. Sclmeider and M. Hansch,/. Chem. Soc, Chem. Commun. 2001, 1218-1219.
65. C. Sclmeider, M. Hansch, Synlett 2003, 6 , 837-840.
6 6 . K. Schoiming, R. K. Hayaslii, D. R. Powell and A. Kirsclming, Tetrahedron.
Asymmetry 1999,10, 817-820.
67. C. Fan, B. Wang, Y. Tu and Z. Song, Angew. Chem. Int. Ed. 2001, 40, 3877- 
3880.
6 8 . T. Chuang, J. Fang, W. Jiaang and Y. Tsai, J. Org. Chem. 1996, 61, 1794-1805; J.
Hsu and J. Fang, J. Org. Chem. 2001, 6 6 , 8573-8584; T. Kodama, S. Shuto, S. 
Ichikawa and A. Matsuda, J. Org. Chem. 2002, 67, 7706-7715; J. B. Shotwell, E.
S. Kiygowski, J. Hins, Brian Koh, E. W. D. Hmitsman, H. W. Choi, J. S.
208
Sclmeelclotli, Jr., J. L. Wood and C. M. Crews, Org. Lett. 2002, 4, 3087-3089; M. 
Adinolfi, G. Barone, F. De Lorenzo and A. ladonisi, Synlett 1999, 3, 336-338.
69. K. Katagiri, M. Kameoka, M. Nishiui'a and T. Imamoto, Chem. Lett. 2002, 4, 426- 
427.
70. D. P. CuiTan and R. L. Wolin, Synlett 1991, 5, 317-318.
71. K. M. Gillespie, I. J. Munslow and P. Scott, Tetrahedron Lett. 1999, 40, 9371- 
9374.
72. O. P. Tormakangas, A. M. P. Kosldnen, Tetrahedron Lett. 2001, 42, 2743-2746.
73. R. Malirwald and B. Costisella, Synthesis 1996, 9, 1087-1089.
74. T. Ooi, T. Mima, Y. Itagaki, H. Ichikawa and K. Maruoka, Synthesis 2002, 2,
279-291.
75. O. P. Tomiakangas and A. M. P. Koskinen, Org. Pro. Res. & Dev. 2001, 5, 421- 
425.
76. O. P. Tomiakangas, P. Saarenketo and A. M. P. Koskinen, Org. Pro. Res. & Dev. 
2002, 6 , 125-131.
77. L. Lu, H. Chang, and J. Fang, J. Org. Chem. 1999, 64, 843-853.
78. H. Hattori, App. Cat. A: General 2001, 222, 247-259.
79. G. M., Villacorta and Joseph San Filipo, J. Org. Chem. 1983, 48, 1151-1154.
80. T. Baba, Catalytic Survey from Japan 2000, 4,17-29.
81. T. Seki, K. Akutsu and H. Hattori, Chem. Commun. 2001, 1000-1001.
82. T. Seki, H. Hattori, Chem. Commun. 2001, 2510-2511.
83. S. Smi and H. Su, J. Pharm. & Biomed. Anal. 2002, 29, 881-894; C. Kuo and S. 
Smi, Anal. Chim. Acta. 2003, 482, 47-58; K. Yamasaki, R. Kasai, Y. Masaki, M. 
Okihara and O. Tanaka, Tetrahedron Lett. 1977,14,1231-1234.
84. Martindale, The Extra Pharmacopoeia, 25^ ’^ ed.. The Phaimaceutical Press, 
Department of Pamiaceutical Science, 1967, 1266-1268; The Review of Natmal 
Products, 2"  ^ed.. Facts & Comparisons, 2002, 588-589.
85. G. Yen, P. Dull and D. Chuang, Food Chem. 2000, 70, 437-441; H. Matsuda, T. 
Morikawa, I. Togucliida, Ji-Yoimg Park, S. Harima and M. Yoshikawa, Bioorg. 
Med. Chem. Lett. 2001, 9, 41-50; S. K. Agarwal, S. S. Singh, S. Vemia and S. 
Kumai', J. Ethnopharmacol. 2000, 72, 43-46.
209
8 6 . T. M. El-Gogary, Spectrochimica Acta 2003, 59, Part A, 1009-1015; G. Jin, Y. 
You, Y, Kim, N. Nam and B. Aim, Eur. J. Med. Chem. 2001, 36, 361-366; G. Jin, 
Y. You and B. Aim, Bioorg. Med. Chem. Lett. 2001,11, 1473-1476; M. Ma, Y. 
Sun and G. Smi, Dyes and Pigments, 2003, 58, 27-35; K. S. Babu, P. V. Sirinivas, 
B. Praveen, K. H. Kisliore, U. S. Mmty and J. M. Rao, Phytochem. 2003, 62, 203- 
207.
87. H. Matsuda, H. Sliimoda, T. Morikawa and M. Yosliikawa, Bioorg. Med. Chem. 
L e tt.2 0 0 \,ll , 1839-1842.
8 8 . U. Mengs, D. Scliuler and R, R. Marshall, Mutation Res. 2001, 492, 69-72.
89. S. O. Mueller, M. Sclmiitt, W. Dekant, H. Stopper, J. Sclilatter, P. Sclireier and 
W. K. Lutz, Food and Chem. Tox. 1999, 37, 481-491.
90. W. G. Wanier, P. Vath and D. E. Flavey, Free Rad. Bio. Chem. 2003, 34, 2, 233- 
242; H. Lee, S. Hsu, M. Liu and C. Wu, Eim. J. Pharm. 2001, 431, 287-295.
91. N. Macollo, R. Capasso and F. Capasso, 12: Suppl. 1 S143-S145, 1998, 2nd 
International Symposium on Natural Drugs, Melfi, Italy, 28th Sep.-1st Oct. 1997.
92. P. Dewitte 47: Suppl. 1 86-97 Oct. 1993, 2nd International Symposium on Senna, 
Konstanz, Germany, Apr. 23-24 1993.
93. K. P. Odenthal, E. Lengpeschow, W. Voderholzer and S. Mullerlissner, 47: Suppl 
1 146-154 Oct 1993, 2nd International Symposium on Senna, Konstanz,
Germany, Apr. 23-24 1993; K. P. Odenthal, E. Lengpeschow, W. Voderholzer 
and S. Mullerlissner, 47: Suppl. 1 162-171 Oct 1993, 2nd International 
Symposium on Senna, Konstanz, Germany, Apr. 23-24 1993.
94. A. Sarapuu, K. Vaik, D. J. Scifftin and K. Tanmieveski, J. Elec. Anal. Chem. 
2003, 541, 23-29.
95. M. Rajendran, S. Ramasamy, C. Rajamanickam, R. Gandliidasan and R. 
Mmngesan, Biochem. et Biophys. Acta 2003, 25549-25551.
96. W. G. Wamer, P. Vath and D. E. Falvey, Free Rad. Bio. &. Med. 2003, 34, 2, 233- 
242.
97. S. Sheu and C. Lu, J. Chrom. A 1995, 704, 518-523.
98. S. Sliue andH. Chen, Aiial Chim. Acta 1995, 309, 361-367.
210
99. F. Yang, T. Zhang, G. Tian, H. Cao, Q. Liu and Y. Ito, J. Chrom. A 1999, 858, 
103-107.
100. X. Shang and Z. Yuan, J. Pharm. & Biomed. Anal. 2003, 31, 75-81.
101. X. Shang and Z. Yuan, Bioorg. Med. Chem. Lett. 2003,13, 617-622.
102. H. G. M. Edwards, E. M. Newton, D. D. Wynn-Williams and S. R. Coombes, J. 
Mol. Str. 2003, 648, 49-59.
103. A. H. Hamdii, A. V. Gros, M. Gaudiy, F. Sobrio and B. Rousseau, J, Lab. Comp. 
Radiopharm. 1995, 36, 795-799.
104. J. Gronwska, P. Miecznik and K. Aleksandrzak, J. Fluo.Chem. 1992, 56, 309-313.
105. R. Tesser, M. Di Serio, M. Ambrosio and E. Santacesaria, Chem. Eng. J. 2002,
90, 195-201.
106. H. hiouye and E. Leistner, Chetnistry o f the Quinoid Compounds, S. Patai and Z. 
Rappaport, Wiley, New York, 1988, 2, Ch. 22, P. 1293.
107. H. Uno, A. Masmnoto, E. Honda, Y. Nagamachi, Y. Yamaoka and N. Ono, J. 
Chem. Soc. Perldn Trans. 1 2001,1, 3189-3197; G. A. Kiaus, H. Cho, S. 
Crowley, B. Roth, H. Sugimoto and S. Prugh, J. Org. Chem. 1983, 48, 3439- 
3444.
108. S. A. Alimed, E, Bardshiri and T. J. Simpson, J. Chem. Soc, Chem. Commun. 
1987, 883-884; S. A. Almied, E. Bardsliiri, C. R. McIntyre and T. J. Simpson, 
Aust. J. Chem. 1992, 45, 249-274.
109. N. Fonteneau, P. Martin, M. Mondon, H. Ficheux and J. Gesson, Tetrahedron 
2001,57, 9131-9135.
110. A. Stoll, B. Becker and A. Helfenstein, Helvetica Chimica Acta, 1950, 33, 313- 
328.
111. G. Rousseau and F. Homsi, Chem. Soc. Rev. 1997, 26, 453-460.
112. C. S. Letizia, J. Cocchiara, J. Lalko and A. M. Api, Food & Chem. Tox. 2003, 41, 
965-976.
113. C. S. Letizia, J. Cocchiara, J. Lalko and A. M. Api, Food & Chem. Tox. 2003, 41, 
989-993.
114. C. S. Letizia, J. Cocchiara, J. Lalko and A. M. Api, Food & Chem. Tox. 2003, 41, 
983-987.
211
115. G. Bringniami, S. Tasler, R. Pfeifer and M. Bremiing, J. Organomet. Chem. 2002, 
661, 49-65; P. Gendre, V. Comte, A. Miclielot and C. Moise, Inorg. Chim. Acta. 
2003, 350, 289-292; M. R. Carvalho, L. C. Brbosa, J. de-Queiroz and O. W. 
Howarth, Tetrahedron Lett. 2001, 42, 809-811; Y. Guan, J. Zou and Z. Zhu, J. 
Organomet. Chem. 1995, 489, C52-C55; T. Berkenbusch and R. Bruckner, 
Tetrahedron 1998, 5 4 ,11471-11480; J. A. Marco, M. Carda, S. Rodriguez, E. 
Castillo andM. N. Kneeteman, Tetrahedron 2003, 59, 4085-4101.
116. A. J. Mancuso and D. Sweni, Synthesis 1981, 165-185.
117. A. Bisai, M. Chandr aseldiar and V. Singh, Tetrahedron Lett. 2002, 43, 8355- 
8357.
118. S. V. Ley, J. Norman, W. P. Griffith and S. P. Marsden, Synthesis 1994, 639-647,
119. K. N. Rankin, Q. Liu, J, Hendiiy, H. Yee, N. A. Noureldin and D. G. Lee, 
Tetrahedron Lett. 1998, 39, 1095-1098.
120. W. S. Knowles and Q. E. Thompson, J. Org. Chem. 1960, 25, 1031-1033; D. 
Gupta, R. Soman, and S. Dev, Tetrahedron 1982, 38, 20, 3013-3018; O. Lorenz, 
and C. R. Parks, J. Org. Chem. 1965, 30, 1976-1981.
121. D. C. Cole, J. R. Stock and J. Kappel, Bioorg. Med. Chem. Lett. 2002,12, 1791- 
1793.
122. D. Crich and S. Neelarnkavil, Teti-ahedron 2002, 58, 3865-3870.
123. K. Nishide, S. Ohsugi, M. Fudesaka, S. Kodanra and M. Node, Tetrahedron Lett. 
2002, 43, 5177-5179.
124. J. J. Pappas, W. P. Keaveney, Tetrahedron Lett. 1966, 36, 4273-4278.
125. W. P. Griffith, Coord. Chem. Rev. 2001, 219, 259-281.
126. Y. Hon, L. Lu, R. Chang, S. Lin, P. Sim and C. Lee, Tetrahedron 2000, 56, 9269-
9279.
127. T. Suzuki andK. Tanemma, J. Hetero. Chem. 1991, 28, 1261-1272.
128. L. F. Tietze and J. Utecht, Chem. Ber. 1992,125, 2259-2263.
129. J. A. Dormelly, P. A. Kerr and P. O'Boyle, Tetrahedt^on 1973, 29, 3979-3983.
130. K. Nakatani, A. Okamoto, M. Yaraanuld and I. Saito, J. Org. Chem. 1994, 59, 
4360-4361.
212
131. E. J. Corey and J. W. Suggs, J. Org. Chem. 1973, 38, 3224-3225; M. Sekine, T. 
Mori, and T. Wada, Tetrahedron Lett. 1993, 34, 51, 8289-8292; R. Rainage, F. O. 
Wahl, Tetrahedj^on Lett. 1993, 34, 44, 7133-7136; L. Agi'ofogilo, R. Condom and 
R. Guedj, Tetrahedron Lett. 1992, 33, 38, 5503-5504; Blackwell Science, J. R. 
Hanson, 1st edition. Protecting Groups in Organic Synthesis, 1999; Wiley- 
Interscience, T. W. Green and P. G. M. Wuts, 3 edition, Protecting Groups in 
Organic Synthesis, 1999.
132. H. Meier, H. Gugel and H. Kolshom, Z  Naturforsch. B 1976, 31, 1270.
133. N. Kulinert and A. M. Lopez-Periago Tetrahedron Lett. 2002, 43, 18, 3329-3332;
N. Kuhnert, C. Strafinig and A. M. Lopez-Periago Tetrahedr^on: Asymmetiy 2002, 
13, 2, 123-128.
134. H. Morton and N. Morge, J. Org. Chem. 1978, 43, 2093-2100.
135. S. Hiroko, W. Hajime, W. Hiroshi, Y. Tomoald, S. Kazuliisa and H. Minoru, J.
Phys. Org. Chem. 1997,12, 925-934.
136. T. Yasuhiro, T. Aldra, S. Iwao, U. Yasuo and T. Otohiko, Bidl. Chem. Soc. Jpn. 
1988, 61, 1221-1224.
137. S. Parr,/. Chem. Phys. 1976, 65, 1197-1199.
138. J. Wliiting, Org. Mass Spectrom. 1972, 6, 917-918.
139. G. Amrit and B. Naleen, Indian J. Chem. Sect. B, 1994, 33, 495-496.
140. A. Raymond and B. Jan, Org. Magn. Reson. 1980,14, 312-314.
141. G. Vladimir and A. Howard, J. Org. Chem. 1991, 56, 5159-5161.
142. U. Hidemitsu, M. Akane, H. Erina, N. Yimii, Y. Youtarou and O. Noboru, J.
Chem. Soc. Perkin Trails. 1 2001, 23, 3189 -  3197; J. Alexander, A. V. Bhatia, L.
A. Mitscher, S. Omoto andT. Suzuki, J. Org. Chem. 1980, 45, 20-24; J. 
Alexandra, A. V. Bhatia, G. W. Clark, A. Leutzow, L. A. Mitscher, S. Omoto and 
T. Suzuki, J. Org. Chem. 1980, 24-28.
143. J. D. Mao, K. Sclmhdt-Rolrr, J. Magn. Res. 2003,162, 217 -  228; K. Schmidt- 
Roln and J. D. Mao, J. Magn. Res. 2002,157, 210-217.
144. A. Ozamie, L. Pouysegu, D. Depemet, B. Francois and S. Quideau, Org. Lett. 
2003,16, 5, 2903-2906.
213
